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 Anthocyanins (ACNs) are phenolic compounds present in foods. However, 
various ACN properties considered relevant to human health are still unknown. In 
consequence, the present work aims to increase the scientific knowledge on ACNs, providing 
answers to various questions such as the ACN tissue bioavailability, consumption biomarker, 
and the effects of the ACN oral intake on human health.  
 1 animal experiment on hypercholesterolemic rats and 6 systematic reviews from 
the scientific literature were conducted following the most adequate methodological 
proceedings between February 2018 and February 2021.  
 From various systematic reviews: 1st, ACNs can be detected in multiple target tissues 
with medical relevance, suggesting some health effects. 2nd, C3G is the only ACN fulfilling the 
criteria to be considered an adequate food-intake biomarker for berry consumption in human 
plasma and urine. 3rd, Consuming 100-150 g/day of whole-apples improves multiple CVD risk 
factors and reduces the risk of CVD and CVD mortality. 4th, From the animal intervention, ACN-
rich apples have an anti-inflammatory effect, while white-fleshed apples reduce complement 
system-related proteins in hearts and aortas of hypercholesterolemic rats, suggesting a 
beneficial apple matrix effect, regardless of their ACN content. 5th, The oral ACN intake, 
regardless of its source, is associated with a reduced risk of T2DM and hypertension in humans. 
Moreover, oral ACNs also improve the plasmatic lipid profile, glucose metabolism, and 
endothelial function, reasonably explaining the T2DM risk reduction associated with the dietary 
ACN intake. 6th, The oral PC administration in animals improves the intestinal barrier integrity 
and function from three main mechanisms: a) The reduction of pro-inflammatory molecules, 
b) the improvement in tight-junction protein expression, and c) the improvement of the 
antioxidant intracellular activity. 7th, Resveratrol, and other phenolic compounds (PCs) 
significantly reduce the acute lung injury secondary to sepsis in diverse animal models.  
 Therefore, as a result of the present work, our hypothesis is vertified, and the 
anthocyanins provided by fruits, extracts or other products help improve cardiovascular risk 
factors and other diseases.  It can be concluded that, regardless of their source, the whole-
apple, and ACN oral intakes should be considered effective for the prevention and treatment 
of cardiometabolic disease in humans. Moreover, in animal models, resveratrol or other PCs 
showed an improvement of the intestinal barrier integrity loss and in the management of the 
acute lung injury associated with the systemic inflammation in critical illnesses, such as sepsis, 
opening new promising application in humans. 
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In 2017, around the world approximately 17.8 million people died from cardiovascular 
disease (CVD), making CVD the leading cause of death 1. Accordingly, over the last 
decades, nutrition has acquired an important role in healthcare systems primarily due 
to the increase of the aged population and the prevalence of non-communicable 
diseases such as CVD, obesity, type 2 diabetes, metabolic syndrome, and 
hypertension 2,3.  
Traditionally, most of the health benefits associated with frequent fruit and vegetable 
consumption have been attributed to their content of fiber, vitamins, minerals, and 
more recently, to naturally occurring bioactive molecules present in plants called 
phenolic compounds (PCs) 4–8. PCs are a complex and extensive family of 
biomolecules, evidence suggests that although some PCs share effects 5,7,9, most of 
their specific mechanisms of action and effects remain unclear. Nevertheless, 
flavonoids, particularly anthocyanins (ACNs), have demonstrated the potential to 
prevent diverse chronic 10–13, and neurodegenerative diseases 14.  
ACNs are natural plant pigments responsible for the red-blue colors present in plants, 
especially in the skin and flesh of berries, red-fleshed apples, and other fruits 15–17. 
Current research has been focused on the study of the ACN effects using extracts 9. 
However, studying fruits and vegetables as whole-foods remains essential, as whole-
foods are the most common way in which people consume any given nutrient 18,19.  
Despite the efforts made to discover the properties of various ACN-rich fruits, essential 
aspects such as the ACN tissue bioavailability, the health-related consequences of 
the ACN presence on different target tissues, or the existence of an ACN-rich food 
intake biomarker, have not been determined. The reasons range from the absence 
of methods allowing the detection of ACNs in living human tissues, forcing us to rely 
on animal experimentation, or the economic and technical limitations making 
currently impossible the determination of an intake biomarker for large food groups 
(e.g. ACN-rich fruits) from one single randomized controlled trial. Nonetheless, the 
tissue bioavailability of ACNs would fairly explain the positive health effects and 
associations for which apples and other ACN-rich fruits are healthy and amongst the 
most consumed fruits in the world 20.  
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It is important to remind that the phenolic content and composition of apples, and 
probably from other ACN-rich fruits, can fluctuate significantly influenced by aspects 
such as the soil quality, growth period, harvest moment, storage conditions, maturity 
status altering their matrix composition, and natural differences between varieties 21.  
In consequence, more research is needed to determine the health effects of ACN-
rich fruits like berries, but also from novel fruit varieties, such as Redlove apples. 
In accordance, a multicentric research project called “The AppleCOR Project” was 
designed by investigators from the Rovira i Virgili and Lleida universities with the main 
goal of advancing the knowledge of the effects of ACNs on human health, more 
specifically of ACN-rich fruits such as Redlove apple variety on different CVD risk 
factors. The AppleCOR project is a large two-part project including first, a randomized 
controlled trial in humans, and second, an in vivo animal experiment, both designed 
to assess the cardiovascular effects and to determine the mechanisms of action of 
ACN-rich Redlove apple variety, an ACN-free white-fleshed apple and an ACN-rich 
infusion obtained from Aronia melanocarpa. 
Current evidence suggests that ACN intake may be beneficial for the prevention of 
disease and seem to have significant potential for the treatment of different human 
illnesses and conditions. Therefore, the present work aims to increase the scientific 
knowledge on ACNs, providing answers to various ACN-related questions such as the 
ACN tissue bioavailability, consumption biomarkers, and the effects of ACN and ACN-
rich fruit intake on human health. 
 
Finally, two novel applications for ACNs on human health are discussed and 
proposed as a part of this work, exploring the possible health benefits of the ACN 
supplementation on different pathological alterations suffered by critically ill patients 
such as the intestinal barrier integrity and the acute lung injury associated to the 
condition. A summarize of the previous justification of the present doctoral Thesis has 
been represented in .  
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Cardiovascular disease (CVD) is the leading cause of death worldwide. 
CVD-related deaths are most frequently caused by ischemic heart 
disease 22–24. However frequent, CVD has a heterogeneous distribution 
among populations 22,23.  
 
It has been estimated that in developed countries like the United States, 
more than16.5 million individuals over 20 years old already have some 
degree of coronary heart disease, whereas the prevalence of 
myocardial infarction in the same population is around 3% 25. 
Consequently, only in the United States, at least one person dies every 
40 seconds from CVD 25. 
CVD is preventable 26. Estimates say that almost 90% of all cardiovascular 
events could be prevented from improving various risk factors such as 
consuming a healthy diet 27–30, increasing physical activity, or avoiding 
tobacco and alcohol 31–35. Also, the treatment of risk factors such as the 
plasmatic lipids, blood pressure, and plasmatic glucose values is 
considered beneficial for CVD prevention 36–38.  
However, despite the efforts to reduce CVD, the latest reports confirm 
that CVD is still the leading cause of death 1,22,39,40. Although, the CVD 
mortality rates have declined between 1979 and 2015 when CVD 
accounted for more than 2.7 million (74.2%) of all deaths 41. 
Among CVD, coronary heart disease is the most frequent pathology 
accounting for 43.8% of deaths, followed by stroke (16.8%), elevated 
blood pressure (9.4%), heart failure (9.0%), arterial diseases (3.1%), and 
other CVDs (17.9%) 41. As a result, economic projections reveal that by 
the year 2035 over 130 million US adults will suffer some form of CVD, with 
expected associated costs reaching 1.1 trillion US dollars in 2035 41. The 
global trends in CVD mortality reveal that it is constantly rising at a 
relatively low rate in a rise-and-fall pattern 41.  
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Since CVD is comprehended by a heterogeneous group of diseases, 
there is no single underlying mechanism, for instance, coronary heart 
disease and stroke are mainly caused by atherosclerosis 23,42–45, while 
aortic aneurisms can be congenital or caused by an altered blood flow 
46. However, stroke, coronary artery disease, and peripheral artery 
disease, all share atherosclerosis as an important pathophysiological 
element 23,42–45. Therefore, for the present thesis, only pathologies 
secondary to atherosclerosis will be considered CVDs. 
1.1.1. CVD Risk factors. 
In epidemiology, a risk factor is the behavior, circumstance, or condition, 
increasing the risk of developing CVD 47. The cardiovascular-related risk 
factors can be classified as modifiable (i.e. plasmatic lipids and blood 
pressure values) or as non-modifiable (i.e. sex, ethnicity, age, and others) 
48. Since the novel cardiovascular risk factors have not been fully 
established, only the traditional risk factors will be described in the 
following sections, while full information on the known CVD risk factors is 
contained in 
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• Poor diet. 
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• High intake 
of salt. 
• Low intake 
of fruits and 
vegetables. 
• Low intake 
of fiber. 
• Low intake 
of whole 
grains. 
• High intake 
of trans fats. 
Increased adiposity 
  
   









• High TC. 
• High LDLc. 
• Low HDLc. 
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Gene modification targets 
  
 









Table elaborated from 24,49–51. 
 
1.1.2. Established CVD risk factors 
1.1.2.1. Lipids 
The plasmatic lipids are strongly associated with CVD in humans 52,53. This 
association was confirmed from the strong relationship between high 
serum total cholesterol (TC) and the risk of CVD 52,53. Moreover, increased 
low-density lipoprotein cholesterol (LDLc) levels in plasma are also 
associated with an increased CVD risk in a concentration-dependent 
manner 54,55. Interestingly, from the information on proprotein convertase 
subtilisin/kexin type 9 (PSCK9) inhibitor drugs, it has been suggested that 
targeting for extremely low LDLc concentrations might be beneficial for 
human health 56. On the other hand, high-density lipoprotein (HDL) has 
demonstrated an inverse relationship with cardiovascular risk while other 
functional properties of HDL particles, might beneficially influence 
inflammation, oxidation, angiogenesis, and glucose homeostasis 5,57–59. 
As a consequence, the reduction of TC (≤200 mg/dL), and LDLc (≤120 
mg/dL), as well as the increase of HDLc (≥60 mg/dL) are considered 
therapeutic targets in current guidelines to prevent CVD 60,61. 
1.1.2.2. Hypertension 
As a result of the Framingham study, in 1980 it was demonstrated that 
blood pressure and isolated systolic hypertension were associated with 
CVD 62,63. Currently, the normal blood pressure values are still under 
debate, as a consequence, there are different criteria for the 
classification of normal blood pressure and hypertension 64,65. The ranges 
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and classifications for the normal blood pressure values and 
hypertension diagnosis in humans are presented in .  
Consequently, current American guidelines suggest that systolic pressure 
values ≤130/80 mmHg should be considered the therapeutic target for 
hypertension. However, the optimum blood pressure target is still under 
strong debate, as meta-analysis suggest that achieving blood pressure 
levels under 135/85 mmHg does not provide further benefit for CVD 
prevention 66, thus, supporting the European target of ≤135/85 mmHg for 
hypertensive patients. 
Blood pressure classification and hypertension diagnosis. 
Variable 
ACC/AHA ESC/ESH 
Classification Value (mmHg) Classification Value (mmHg) 
Normal blood 
pressure 
Normal ≤120/≤80 Optimal ≤120/≤80 
Elevated 120-129/≤80 Normal 120-129/≤80-84 
  High normal 130-139/85-89 
Hypertension 
Stage I 130-139/80-89 Grade I 140-159/90-99 
Stage II ≥140/≥90 Grade II 160-179/100-109 
 




ACC, American College of Cardiology; AHA, American Heart Association; ESC, European 
Society of Cardiology; ESH, European Society of Hypertension; mmHg, millimeters of 
mercury. Table elaborated from 64,65. 
 
1.1.2.3. Smoking 
In 1962 smoking tobacco was first associated with an increased risk of 
CVD also as a result of the Framingham study 49, and confirmed in other 
epidemiological studies not only for active but also for passive smoking 
UNIVERSITAT ROVIRA I VIRGILI 
THE TISSUE BIOAVAILABILITY, BIOMARKERS, AND EFFECTS OF ANTHOCYANINS ON HUMAN HEALTH.  
STUDIED THROUGH SYSTEMATIC REVIEWS ON ANTHOCYANIN-RICH FOODS AND A NUTRITIONAL PRE-CLINICAL STUDY 
WITH ANTHOCYANIN-RICH RED FLESHED-APPLES. THE APPLECOR PROJECT. 
Berner Andrée Sandoval Ramírez 
 
41 
49,67,68. As a consequence, smoking cessation is considered one of the 
most important and effective measures for the reduction of CVD in 
humans 69. The life expectancy of smoking individuals is reduced 
between 2.5 years (past smokers) and 12 years (25+ cigarettes/day) 70.  
1.1.2.4. Diabetes 
Type 2 diabetes mellitus is significantly associated with a 3-fold increase 
in the risk of developing CVD 71, in particular for women 72,73. Furthermore, 
glucose intolerance represents a 1.5-fold increase in the CVD risk 74. As a 
result, achieving a target HbA1c <7% significantly reduces microvascular 
complications 75. However, HbA1c targets should range between 6.0–
6.5% in young patients with no evidence of CVD, while an HbA1c <8% 
should be the goal for elderly patients 75. 
1.1.2.5. Physical Inactivity 
Physical inactivity is considered an established CVD risk factor 76–78. 
Compared to sedentary individuals, the people that achieve the 
recommended 2.5 h/week of moderate-intensity aerobic activity are 
associated with a lower CVD mortality risk (-23%), and incidence (-17%) 
78. Furthermore, individuals performing physical activity for ≥5 h/week 
can expect to live between 2-3 years longer than their inactive 
counterparts (0.5-2 h/week) 70. 
1.1.2.6. Obesity 
Obesity is considered a chronic metabolic disease that has been linked 
to CVD 79–81 and reduces life expectancy up to 5.5 years 70. Additionally, 
childhood obesity has been positively associated with CVD 78. Currently, 
the concept of the “metabolically healthy obese” has been introduced 
to name the paradox that suggests that obesity is not always related to 
metabolic abnormalities and increased risk of CVD 82. However, the 
information from the systematic review and meta-analysis of 
observational 83, and mendelian randomization studies 84, demonstrate 
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that obesity is independently associated with CVD in humans 84. Thus, 
achieving ideal body weight is the ultimate goal for CVD prevention 85. 
However, bodyweight reduction should be encouraged for most 
patients with overweight/obesity, and weight maintenance should be 
promoted when weight loss cannot be achieved 85. 
1.1.3. Emerging CVD risk factors 
Apart from traditional CVD risk factors, some molecules appear to be 
emerging as biomarkers of cardiovascular risk 86. For instance, the 
increase of the high-sensitivity C-reactive protein (CRP) as a biomarker 
of inflammation, is significantly and independently associated with 
CVD86, however, with an undetermined causal association 86. Other 
biomarkers such as the growth-differentiation factor (GDF)-15 which is 
considered a strong predictor of cardiovascular events and a potential 
tool for the stratification of CVD risk 86, and other markers such as 
fibrinogen or uric acid since both have been positively associated with 
an elevated risk of CVD 86. Thus, the field on novel CVD biomarkers is 
under frequent updates. 
Furthermore, genetic modification seems to be the future for CVD risk 
reduction. An interesting target might be the D377Y gene in mice 
(equivalent to D374Y in humans) as the CRISPR genetic modification of 
this gene increases its activity and reduces the atheroma plaque 
formation 51. Thus, suggesting the importance of D374Y in humans 51. 
Additionally, the LDL receptor (LDLr) seems a promising target for CVD 
risk, in particular, the LYSM-Cre modification in macrophages seems to 
lead to reduced atherosclerosis and reduced activity of 
hydroxymethylglutrayl (HMG)-CoA finally leading to a reduced 
atheroma plaque formation even in hypercholesterolemic conditions 51. 
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The atheroma plaque is the key element of many CVDs including 
coronary heart disease, stroke, and peripheral artery disease 23,42–45. The 
atheroma plaque formation is complex and multiple systems like the 
coagulation and immune systems are involved  23,42–45. It is 
considered that hypercholesterolemia is one of the main drivers of 
atherosclerosis 87,88, however, the same process is also favored by 
abnormal arterial blood flow and a pro-/anti-coagulant imbalance 
 42,43,45.  
The increased plasmatic cholesterol enhances the vascular endothelial 
permeability, mainly from increasing the expression of scavenger 
receptors (SR) such as CD36 and LOX-1 45,87, allowing LDLc particles into 
the arterial wall 42–45,87 . Additionally, several circulating 
monocytes are recruited by the monocyte chemoattractant released 
by the endothelial cells 23,43, recruiting monocytes and causing their 
attachment to the vascular wall via selectins or adhesion molecule-1 
(VCAM-1) expressed by endothelial cells  23,87. These changes 
allow the monocyte migration into the sub-endothelial space via 
diapedesis  43,45.  
Once in the sub-endothelial space, monocytes migrate either into a pro- 
or anti-inflammatory phenotype depending on unknown local stimuli 
 23,44. After expressing a pro-inflammatory phenotype, the 
macrophages located in the sub-endothelial space increase their 
production and release of nuclear factor kappa B (NF-kB) and activator 
protein (AP)-1 42,43. NF-kB and AP-1 are responsible for increased 
necrosis of the endothelial cells, which in turn release interleukin (IL)-6, IL-
1β, and IL-8, further increasing the monocyte recruitment 42. On 
the other hand, the pro-inflammatory macrophages located in the 
intima layer, start turning into foam cells  from the increased 
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expression of multiple SRs (AI, AII, AIII, BI, BII, CD36, LOX-1), causing an 
increase in the macrophage’s cholesterol uptake capacity, and from 
the decrease in the macrophage’s cholesterol efflux capacity 43,45 
. 
Foam cells are macrophages located in the fatty deposits of blood 
vessel walls that became laden with lipids after saturation with LDLc 89. It 
has been reported foam cells enable the angiogenesis and the necrotic 
pool creation that increases atherosclerosis and plaque instability 89,90. 
Foam cells are considered fundamental in the atheroma plaque 
formation 43,91,92 due to their release of tumor necrosis factor (TNF), 
reactive oxygen species, and metalloproteases that increase 
inflammation  23,43,45. Additionally, foam cells release 
myeloperoxidase, 12/15 lipoxygenase, and other cytokines causing 
further monocyte chemo-attraction and further enhancing the 
oxidation of other LDLc particles in the intima layer or the arterial wall 
increasing the plaque instability causing it to finally break and 
form a clot that will obstruct blood flow and cause the clinical 
manifestations of CVD  89–91. 
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Figure elaborated from 23,42,43,45,87–92 
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 2-A) Hypercholesterolemia, an 
abnormal blow flow, and the expression of scavenger receptors such as CD36 and LOX-1 favor the 
atheroma plaque formation. 2-B) The sub-endothelial migration of monocytes via diapedesis occurs. 
2-C) The monocyte differentiation into a pro- or anti-inflammatory phenotype occurs from unknown 
stimuli. 2-D) The macrophages located in the sub-endothelial space increase their production and 
release of nuclear factor kappa beta (NF-kB) and activator protein (AP)-1 causing inflammation and 
further monocyte recruitment occurs. Additionally, the macrophage’s cholesterol uptake capacity is 
increased. 2-E) The cytokine release from the NF-kB and AP-1 activation causes further inflammation. 
2-F) Foam cell formation starts. 2-G) NF-kB and AP-1 increase the necrosis of the endothelial cells 
releasing interleukin (IL)-6, IL-1β, and IL-8. 2-H) Cytokines cause further monocyte recruitment. 2-I) The 
intima layer LDL particle oxidation is increased, and the plaque becomes unstable. 
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1.3.1. CVD primary prevention 
The CVD primary prevention is the reduction in CVD risk that is conducted before a CVD 
event takes place for the first time, and is achieved from the modification of diverse CVD risk 
factors 85. Consequently, from the 2019 American College of Cardiologist (ACC)/American 
Heart Association (AHA) guidelines for the primary prevention of CVD 85:  
1st. The most effective preventive measure for the prevention of CVD is obtained through a 
healthy lifestyle 85. 
2nd. Whenever possible a team-based multidisciplinary strategy assessing not only the 
biological but also the social determinants of CVD should be followed 85. 
3rd. Individuals aged between 40 – 75 years old who are under current evaluation for CVD 
prevention should undergo CVD risk estimation and discuss their pathology with their 
clinicians before starting pharmacological therapy 85. 
4th. Adults should consume a diet rich in fruits, vegetables, nuts, lean protein (animal or 
vegetal), and fish while decreasing the intake of red and processed meats, and refined 
sugars, for adults with overweight or obesity weight loss should be recommended 85.  
5th. A 150 minute/week target of moderate-intensity or 75 minutes/week of intense physical 
activity is recommended for adults who are looking for CVD prevention 85. 
6th. The improvement of dietary habits and exercise are crucial for CVD prevention in T2DM 
patients, if medication is needed, metformin should be considered the first-line drug, 
followed by either a sodium-glucose cotransporter 2 (SGLT2) inhibitor or a glucagon-like 
peptide (GLP)-1 receptor agonist 85. 
7th. Smoking cessation is strongly advised 85. 
8th. Acetylsalicylic acid (aspirin) should not be used frequently to prevent CVD due to a lack 
of effect 85. 
9th. Statins are considered the first-line drugs for CVD primary prevention in patients with 
increased LDLc levels, patients with T2DM in the ages between 40 – 75, and those with an 
increased CVD risk 85. 
10th. In individuals with high blood pressure or hypertension, pharmacological and non-
pharmacological interventions are recommended to achieve a blood pressure target of 
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≤130/80 mmHg 85, however as mentioned before the last recommendation is still under strong 
debate 64,65. 
1.3.2. CVD secondary prevention 
The secondary prevention of CVD consists of the prevention in the progression or recurrence 
of CVD after a first event has occurred 93,94. Secondary prevention consists in further 
enforcing the measures recommended for primary prevention such as smoking cessation or 
achieving ideal body weight 93,94, however, the pharmacological treatment with lipid-
lowering agents 94–96, or the use of anti-diabetic 93,97–99, anti-platelet 100, or anti-hypertensive 
drugs 101, and the implementation of a healthy diet are also strongly recommended.  
Regarding the plasmatic LDLc cholesterol values, LDLc targets of <70 mg/dL (<1.8 mmol/L), 
or a 50% reduction in plasmatic LDLc if the baseline is between 70 – 135 mg/dL (1.8 – 3.5 
mmol/L) is recommended 95,96. Statins like atorvastatin (40 - 80 mg/day), or rosuvastatin (20 - 
40 mg/day) are considered the first-line drugs for the secondary prevention of CVD showing 
some therapeutic equivalence 95,96. Additionally, the proprotein convertase subtilisin-Kexin 
type 9 (PCSK-9) inhibitors, such as evolocumab or alirocumab, are also recommended as 
PCSK-9 inhibitors significantly reduce up to 60% of plasmatic LDLc if associated with statins 94–
96. 
For glucose management, the recommendation for a target HbA1c level of <7% (< 53 
mmol/mol) is recommended for most adults with T1DM or T2DM but not for pregnant women 
85. Metformin has demonstrated to reduce the risk of CVD in all-cause and cardiovascular 
mortality in patients with coronary artery diseases 102. However, metformin’s cardio-
protective effects are also being demonstrated beyond its glucose-lowering effect from an 
unknown mechanism of action 103. To reduce cardiovascular and all-cause mortality, SGLT2 
inhibitors, such as empagliflozin or canagliflozin, should be considered early in the course of 
CVD 93,97–99. 
Regarding the anti-platelet drug management, the use of acetylsalicylic acid (ASA) is 
recommended in all patients in secondary prevention to all individuals that suffered an 
acute coronary syndrome and are without contraindications at an initial loading ASA dose 
of 150 -300 mg posteriorly reducing it to 81 mg/day (acceptable: 75 -100 mg/day) 100. 
Moreover, a P2Y12 inhibitor such as clopidogrel (75 mg/day), or prasugrel (10 mg/day) 
should be added as soon as possible and maintained for at least 12 months 100. It should be 
noted that no differences in clinical efficacy and safety have been noted between P2Y12 
inhibitors 100. 
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To reduce CVD risk, achieving blood pressure values <140/90 mmHg is recommended 93.  The 
use of angiotensin-converting enzyme inhibitors (ACEIs) such as enalapril or captopril, 
angiotensin-II receptor (ARA-II) blockers like valsartan or losartan, and the use of diuretics 
significantly reduced the risk of cardiovascular events 101. Moreover, ACEIs significantly 
reduce all secondary outcomes, while the calcium channel blockers and diuretics 
significantly reduce stroke 101. 
Finally, the Dietary Approaches to Stop Hypertension (DASH) pattern demonstrated an 
improvement in the cardiac function, blood pressure values, functional capacity, oxidative 
stress, and mortality in the secondary CVD prevention 104. Additionally, other dietary patterns, 
like the Mediterranean diet, significantly improved inflammation, cardiac function, and 
quality of life in cross-sectional studies 104. While patterns such as the hyper-proteic or low-
carbohydrate diets suggest some improvement in the functional capacity of patients with 




In medical sciences, the epidemiological studies on human populations are an attempt to 
correlate diverse health effects in humans, to its underlying cause 105. For these purposes, the 
epidemiological study designs can be classified as observational or experimental 105. In 
observational studies (OS’), scientists limit themselves to observing nature’s course 
consequently describing what happens to provide with associations between an exposure 
and an outcome, while in experimental study designs, one or all factors from a certain case 
are controlled, allowing the identification of causal relationships between exposures and 
outcomes 105. 
1.4.1. Observational studies 
OS’ are usually formed by two components, one descriptive and one analytical. The 
descriptive side of OS’ provides answers for the questions “who, what, where, and when” of 
a health event, while the analytical component tries to answer “how” a health event occurs 
105–107.  OS’ can be classified as:  
 
• Ecological studies: are usually a retrospective designed basic type of  
OS that is usually used to compare clusters of people that have been grouped based 
on their location or temporal association and providing prevalence ratios 105–107.  
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• Report of case-series: reports the clinician’s experience usually providing basic 
common characteristics, on one single patient, a small group of patients sharing the 
diagnosis, or a factor potentially causing illness 105–107. 
 
• Case-control studies: are retrospective studies where individuals suffering from a 
disease (cases), are compared against a group of individuals that do not suffer from 
the disease (controls), to look back for potential exposures causing the disease in the 
cases but not in the controls 105–107. It provides the odds ratio, prevalence odds ratio, 
prevalence ratio, and prevalence difference 105–107. 
 
• Cross-over studies: cross-sectionals are also known as “prevalence studies” because 
of their utility for assessing the population’s prevalence of a disease at a single point 
in time 105–107. Individuals are selected based on their exposure and not their outcome 
which is obtained after the participant’s enrolment 105–107. Cross-over studies are 
particularly useful to determine the odds ratio, prevalence odds ratio, prevalence 
ratio, and prevalence difference 105–107. 
 
• Cohort studies: in cohorts, subjects are included and followed for a long time based 
on their status on exposures, meaning that cohorts are followed through time, starting 
disease-free, to posteriorly assess the outcome results and look back for exposures in 
sick individuals 105–107. Cohort studies are especially useful to determine the odds ratio, 
prevalence ratio, prevalence odds ratio, prevalence difference, attributable risk, 
incidence ratio, relative risk, and risk ratio hazard ratio 105–107. 
 
1.4.2. Experimental studies 
For experimental or intervention studies, an experimental model is employed to confirm a 
causal relationship previously evidenced from OS’, or to test the causality of new hypothesis 
105,106. There are different types of experimental designs:  
• Pre-post trial: This type of study assesses the effects after the implementation of a 
particular intervention not controlled by the investigator (i.e. banning smoking in 
closed spaces) 105,106. 
• Non-randomized trials: Are interventional study designs that compare a group where 
an intervention was performed with a group where there was no intervention. These 
UNIVERSITAT ROVIRA I VIRGILI 
THE TISSUE BIOAVAILABILITY, BIOMARKERS, AND EFFECTS OF ANTHOCYANINS ON HUMAN HEALTH.  
STUDIED THROUGH SYSTEMATIC REVIEWS ON ANTHOCYANIN-RICH FOODS AND A NUTRITIONAL PRE-CLINICAL STUDY 
WITH ANTHOCYANIN-RICH RED FLESHED-APPLES. THE APPLECOR PROJECT. 
Berner Andrée Sandoval Ramírez 
 
51 
studies are considered particularly predisposed to distinct types of bias for which are 
not considered a preferred study design 105,106. 
 
• Randomized controlled trials (RCTs): are often medical experiments aiming to reduce 
bias when testing the effectiveness of a new treatment by randomly assigning 
subjects into two or more groups with different treatments, to posteriorly compare 
them against an untreated control group 105,106. 
 
• Cross-over RCTs: are interventional studies where participants are intentionally 
switched to the other treatment arm 105,106. Cross-over RCTs, begin as a traditional 
RCT, however, at the end of each treatment phase, each participant is re-allocated 
to another group with a different treatment usually after a wash-out period 105,106. 
Cross-over studies demonstrate the reversibility of intervention and compensate for 
bad randomization 105,106.  
 
• Field trials: like randomized controlled trials, field trials are interventions where subjects 
are randomly assigned to a treated or control group to determine causal 
relationships 108. Field trials are distinguished from RCTs because they are usually 
conducted discretely in the “real world” relying on an external force (i.e. government 
disposition or climatic event) to act as an exposure 108. 
 
• Community-based trials: are clinical trials commonly designed to be executed by 
primary care physicians, community health centers, or local health facilities directly 
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The systematic reviews and meta-analyses are considered the pinnacle of evidence 
110. Systematic reviews improve the complex interaction that exists between the 
information from scientific studies and the clinical experience from day-to-day 
practice to stay up to date with the ever-increasing amounts of information 111. It is 
for those reasons that systematic reviews and meta-analyses are often used as the 
starting point to develop new guidelines and solve other challenging questions that 
cannot be solved in other ways due to methodological complications 112,113.  
The rationale behind the position of systematic reviews and meta-analyses at the 
top of the pyramid focuses on the methodological design of studies to determine 
the value of their contributions 110. However, the study design does not ensure the 
certainty of the information or account for bias. Thus, challenging the traditional 
pyramidal design 110. In consequence, it is currently considered that systematic 
reviews should be seen as tools to assess the information from all the other levels of 
evidence (e.g. RCTs and OS’) since the quality of the designs themselves challenge 
the limits on the quality of information and the traditional pyramid design 110. In other 
words, systematic reviews should be considered not only the highest level of the 
pyramid but also the lens through which large amounts of information should be 
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. 1) classical evidence pyramid: the classical representation with 
increasing validity from base to top. 2) the new pyramid of evidence: The lines dividing each level become blurry 
as the quality of information determines the value of each level, the top of the pyramid is separated and surrounds 
the other studies as systematic reviews and meta-analysis should be seen as a lens providing a better understanding 
of all other levels of information. Figure adapted from 110. 
 
1.5.1. Types of reviews 
Review articles are one of the most cited types of articles suggesting that the summary of 
large amounts of information from a critical point of view is highly valued amongst scientists 
113. Accordingly, at least 14 types of reviews have been identified, although many review 
types lack explicit methodologies and are not mutually exclusive 113. More information on 
the characteristics of the known types of reviews is presented in 
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The characteristics of the reported types of reviews. 
  
Type Description Goals Search Quality assessment Analysis of content 
Critical review Demonstrates the writer's 
extensive search and critical 
assessment on a topic 
beyond the level of a simple 
description usually resulting 
in a hypothesis. 
To identify the most relevant 
information in the field. 
Not required for the report. Not mandatory (recommended 
PRISMA statement). 
A significant analytical 





It is the generic term for the 
materials that examine 
current literature. Usually 




Might be reported (not 
required). 






Maps and categorizes the 
existing literature to 
determine future reviews or 
primary research 
To identify gaps in the 
literature to provide new 
research topics. 
A complete search must be 
reported and determined 
using time or scope 
constraints. 
Not required. Has an emphasis on the 
characteristics: the quantity 
and quality of literature, not 
the content nor the results. 
Usually presented in a 
graphical or tabular form.  
Meta-analysis It is a statistical set of 
techniques that combine 
the results of quantitative or 
qualitative studies.  
To provide a precise 
measurement of the effect 
of the results of the analyzed 
studies. 
Aims for a complete and 
detailed search that must be 
reported. 
Exhaustive and comprehensive. 
Might use other statistical 
techniques like the funnel plot 
to assess its completeness. 
Following the PRISMA 
statement. 
It is the numerical analysis of 
the measurement of the 
effect, in the absence of 
heterogeneity. Presented in 
graphical, tabular, and 





It is the combination of 
methods where the central 
component is a scientific 
literature review, usually 
systematic. 
To provide a combined 
approach to solve a 
complex question. 
A broad, and separate search 
must be performed to retrieve 
all studies relevant for the 
variables included. 
This method requires either a 
generic appraisal tool or the 
use of separate adequate tools 
to assess bias independently. 
Following the PRISMA 
statement. 
Analyzes both results and look 
for correlations, 
characteristics, 
discrepancies, and gaps 
used to provide new 
conclusions. 
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Overview It is the generic term for the 
summary of the literature 
usually in the medical field. 
To survey the (medical) 
literature and describe its 
characteristics. 
Might include a systematic 
search, depending on the 
nature of the overview 
(systematic or not). 
Might include quality 
assessment, depending on the 
nature of the overview 
(systematic or not). 
The analysis is presented 
following the nature of the 
overview. It might be 
conceptual, thematic, 




It is the method to integrate 
and compare the results 
from qualitative studies.  
To identify common themes 
or constructs between 
different individual 
qualitative studies. 
Might be selective or purpose-
depending. 
Usually assess to justify the union 
of messages or concepts, not to 
include or exclude publications. 
It provides a thematic 
analysis that might include 
conceptual models in a 
narrative form. 
Rapid review It is the assessment of what is 
already known about a 
specific practice or policy 
issue, using systematic 
review methods for the 
search and assessment of 
the included publications. 
To provide with a scope on 
the direction of effects in the 
literature. 
Must include a complete 
search determined by time 
and scope limitations. The 
complete search term, 
process, inclusion, and 
exclusion criteria should be 
published. 
Thorough quality assessment 
using the most adequate tool 
depending on the study design 
and purpose oriented. Following 
the PRISMA statement. 
Focused on the quantity, 
quality, and direction of 
effect found from literature, 
usually presented in a 




It is the preliminary 
assessment of the size and 
scope of literature. 
To identify the nature and 
extent of research evidence, 
usually including the 
ongoing projects. 
Includes a complete search 
determined by time and 
scope limitations. It usually 
includes ongoing research. 
No formal quality assessment 
required. 
Gives insights on the quantity 
and quality of literature 
focused on a specific key 
feature in an attempt to 




Addresses current matters in 
contrast to other 
approaches, current or 
previous. 
To offer new perspectives on 
an issue or to point out an 
area or research. 
Aims for a complete and 
comprehensive search, ideally 
reported (not required). 
No formal quality assessment 
required. 
Focuses on the current state 
of knowledge to provide new 
insights and ideas for future 
investigation or research. 
Systematic 
review 
It is the systematic search of 
all literature on a specific 
topic, often adhering to 
guidelines on the 
conduction of the review. 
Aims to appraise and 
synthesize all research 
evidence on a 
predetermined specific 
subject to provide answers 
to complex questions and 
drive new conclusions not 
apparent from individual 
studies. 
Must include a complete 
search determined by time 
and scope limitations. The 
complete search term, 
process, inclusion, and 
exclusion criteria should be 
published. 
Thorough quality assessment 
using the most adequate tool 
depending on the study design 
and purpose oriented. Following 
the PRISMA statement. 
Focuses on what is known, 
gives recommendations for 
practice. Identifies what is still 
unknown and suggests future 
research. 
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It is a review method that 
combines the strengths of 
the critical review with a 
comprehensive search 
process. 
To produce the "best 
evidence synthesis" 
Must include a complete 
search that might be 
determined by time and 
scope limitations. 
Might include quality 
assessment (not required). 
Focuses on what is known, 
giving recommendations for 
practice in a minimal 
narrative, and presenting a 
tabular summary of the 
studies. Highlights limitations. 
Systematized 
review 
It is an attempt to include 
the elements of a systematic 
review while not fully 
complying with all formal 
requirements. Usually 
conducted as postgraduate 
assignments. 
To appraise and summarize 
the information on a specific 
topic. It does not need to be 
thorough. 
Aims for a comprehensive 
search, ideally reported (not 
required). 
No formal quality assessment 
required. 
Focuses on what is known 
and the limitations of the 
methodology, usually 
presented in a narrative 




It refers to the compilation of 
multiple reviews into one 
accessible and usable 
document. It focuses on 
ample conditions or 
problems for which there are 
multiple reviews, 
interventions, or results. 
To broadly explain what is 
known and provide answers 
to broad and complex 
questions. 
Aims for a comprehensive 
search, focusing only on the 
identification of the reviews to 
be included in the analysis, 
does not search for primary 
components. The search must 
be reported as if in a 
systematic review. 
Thorough quality assessment for 
the included reviews using the 
most adequate depending on 
the study design and purpose 
oriented. The quality assessment 
determines inclusion or 
exclusion. 
Focuses on what is known on 
complex questions, providing 
answers and 
recommendations for 
practice. Identifies what is still 
unknown and suggests future 
research. 
PRISMA, Preferred Reporting Items for Systematic Reviews, and Meta-Analyses. Table elaborated from 112–117 
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1.5.2. Scientific review’s quality assessment 
To ensure the quality of systematic reviews, protocols must be elaborated usually 
using the Preferred Reporting Items for Systematic Reviews (PRISMA) protocols 118, or 
the Methodological Expectations for Cochrane Intervention Reviews (MECIR) 119, and 
should be registered in an international registry such as the “International Prospective 
Register of Systematic Reviews” (PROSPERO), established by the University of York or 
the registries established by the Campbell or Cochrane collaborations. Additionally, 
as a general recommendation, a web-based search must be performed in at least 
two scientific libraries using the most fitting set of words depending on the specific 
goals 114,117,120–122. Moreover, the reporting of the results should be done in a structured 
manner, using methodologies such as the PRISMA methodology 123. A detailed list of 
the quality assessment tools for different types of studies is presented in . 
 Tools for study quality and risk of bias assessment. 
  
Name Acronym Uses Authors Country 
Randomized controlled trials  
Risk of Bias Tool ROB 2.0 
Individually and cluster-randomized parallel-
group trials, and individually randomized cross-
over trials.  
Cochrane collaboration. United Kingdom 
     
Critical Appraisal Skills 
Program 
CASP 
Systematic Reviews, Randomized Controlled 
Trials, Cohort Studies, Case-Control Studies, 
Economic Evaluations, Diagnostic Studies, 
Qualitative studies, and Clinical Prediction Rule. 
Public Health Resource 
Unit, NHS, England. 
United Kingdom 
     
Joanna Briggs Institute 
assessment tools 
JBI 
Analytical cross-sectional studies, case-control 
studies, case reports, case series, cohorts, 
diagnostic test accuracy studies, economic 
evaluations, prevalence studies, qualitative 
research studies, quasi-experimental research, 
randomized controlled trials, systematic reviews. 
Joanna Briggs Institute Australia 
     
     
Non-randomized controlled trials and observational studies  
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Risk of Bias for non-
randomized 
(observational) studies or 
cohorts of Interventions 
ROBINS-
I  
Non-randomized studies or cohorts of 
interventions. 
Cochrane Bias Methods 
Group and the Cochrane 
Non-Randomized Studies 




     
Risk of Bias for non-
randomized 
(observational) studies or 
cohorts of Exposures 
ROBINS-
E 
Non-randomized studies or cohorts of exposures. 
Cochrane Bias Methods 
Group and the Cochrane 
Non-Randomized Studies 




     




University of Ottawa. 
Canada. 
     
Institute of Health 
Economics Case Series 
Studies Quality Appraisal 
Tool 
IHE Case series studies (modified Delphi technique). 
Institute of Health 
Economics. 
Canada. 
     
Joanna Briggs Institute 
Assessment Tools 
JBI 
Analytical cross-sectional studies, case-control 
studies, case reports, case series, cohorts, 
diagnostic test accuracy studies, economic 
evaluations, prevalence studies, qualitative 
research studies, quasi-experimental research, 
randomized controlled trials, systematic reviews. 
Joanna Briggs Institute. Australia. 
     
Critical Appraisal Skills 
Program 
CASP 
Systematic Reviews, Randomized Controlled 
Trials, Cohort Studies, Case-Control Studies, 
Economic Evaluations, Diagnostic Studies, 
Qualitative studies, and Clinical Prediction Rule. 
Public Health Resource 
Unit, NHS, England. 
The United 
Kingdom. 
     
The Methodological Index 
for Non-Randomized 
Studies 
MINORS Non-randomized intervention studies. Slim, K. et al. France. 
     
Agency for Healthcare 
Research and Quality 
AHRQ 
Provides with multiple documents on the 
applications of systematic reviews and systematic 
review quality assessment. 
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critical appraisal tool to 
assess the quality of 
cross-sectional studies  
AXIS Cross-sectional studies. Downes, M. et al. 
Australia/United 
Kingdom. 
     
Transparent Reporting of 
Evaluations with 
Nonrandomized Designs 
TREND Non-randomized controlled trials. 
Centers for Disease 




     
Strengthening the 
reporting of observational 
studies 
STROBE Cohort, case-control, cross-sectional. STROBE Group. 
Multiple 
countries. 
     
McMaster Critical Review 
Forms and Guidelines 
for Qualitative Studies 
 Qualitative studies 
The evidence-based 
practice research group, 
McMaster University. 
Canada. 
     
Mixed Methods Appraisal 
Tool 
MMAT 
Complex systematic literature reviews that 
include qualitative, quantitative and mixed 
methods studies (mixed studies reviews) 
Mc Gill University Canada 
     
Systematic Reviews 
     
Assessing the 




Systematic reviews of controlled or non-
controlled interventions. 
Bruyère Research Institute Canada 
     
Critical Appraisal Skills 
Program 
CASP 
Systematic Reviews, Randomized Controlled 
Trials, Cohort Studies, Case-Control Studies, 
Economic Evaluations, Diagnostic Studies, 
Qualitative studies, and Clinical Prediction Rule. 
Public Health Resource 
Unit, NHS, England. 
United Kingdom 
     
Agency for Healthcare 
Research and Quality 
AHRQ 
Provides with multiple documents on the 
applications of systematic reviews and systematic 
review quality assessment. 
Agency for Healthcare 
Research Quality 
United States 
     
Joanna Briggs Institute 
assessment tools 
JBI 
Analytical cross-sectional studies, case-control 
studies, case reports, case series, cohorts, 
diagnostic test accuracy studies, economic 
evaluations, prevalence studies, qualitative 
research studies, quasi-experimental research, 
randomized controlled trials, systematic reviews. 
Joanna Briggs Institute Australia 
Animal Studies 
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Systematic Review Centre 
for Laboratory Animal 
Experimentation 
SYRCLE Risk of bias in animal studies. Hooijmans, C. et al. Netherlands 
     
Animal Research: 
Reporting of In 
Vivo Experiments 
ARRIVE Animal studies 
National Centre for the 
Replacement, Refinement, 
and Reduction of Animals 






In pharmacology, bioavailability is defined by the Food and Drug Administration 
(FDA) as ‘‘the rate and extent to which the active ingredient or moiety is absorbed 
from a drug product and becomes available at the site of action’’ 124. However, the 
putative benefits coming from the ingestion of nutraceuticals (natural compounds 
claiming to have beneficial effects in the treatment or prevention of a disease or 
condition 125), such as flavonoids or ACNs, are not often adequately evidenced due 
to their low and variable oral bioavailability 126.  
 
It is considered that the low and variable bioavailability of nutraceuticals might be 
secondary to several physicochemical and physiological aspects such as the food 
matrix, their solubility on gastrointestinal fluids, the formation of insoluble complexes 
with other compounds, their low permeability across the intestinal barrier, and several 
molecular modifications suffered from the intestinal microbiota 126. Additionally 
evidencing the need for biomarkers that can help assess the adequate consumption 
and effects of various nutrients with unrelated bioavailability 127.  
 
Consequently, the concepts of nutritional bioavailability and nutrition biomarkers will 
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• Bioavailability: “The extent to which a xenobiotic can be used by the body” 
128. 
• Systemic availability: “The proportion of the dose of a xenobiotic that reaches 
the systemic circulation intact after oral administration” 128. 
• Apparent bioavailability: For PCs that suffer the first-pass metabolism is the 
proportion of the “original” PC that reaches the systemic circulation after oral 
administration 128. 
• Total bioavailability: “The absorbed proportion of a xenobiotic that is 
absorbed through the gastrointestinal wall and enters the systemic circulation 




1.6.2. Bioavailability in nutrition 
To characterize the most important factors that restrict the oral bioavailability of 
drugs, a scheme was developed where compounds were classified from class I – IV 
depending on their high or low permeability and solubility 126. However, as noted 
before, the bioavailability of nutraceuticals (i.e. ACNs) is highly dependent on 
multiple factors 126.  
 
Accordingly, a new scheme was developed to better understand the factors that 
limit the bioavailability of nutritional compounds 126. In this new model, the 
nutraceutical’s bioavailability can be classified accordingly within 3 major classes 
and 10 subclasses that will be presented in , and briefly summarized and 
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1.6.2.1. Bioaccessibility (B*) 
The Bioaccessibility class refers to the group of limiting factors that are related to the 
Bioaccessibility of the nutraceutical within the intestinal fluids of the gastrointestinal 
tract. In other words, the nutraceutical must be present in a physical form suitable for 
absorption 126. Nutraceuticals with high Bioaccessibility (>75%) are designated as 
B*(+), while those with low Bioaccessibility (<75%) are classified as B*(-) 126. 
Additionally, the bioaccessibility can be further classified into three sub-classes of 
limitations: 
• Liberation limited (L): when the bioavailability of a molecule is limited by the 
nutraceutical’s ability to be released from the food matrix 126. 
 
 
Figure adapted from 126 
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• Solubility limited (S): when the bioavailability of a molecule is limited by the 
nutraceutical’s ability to be solubilized within the intestinal fluids 126. 
  
• Interaction limited (I): when the bioavailability of a molecule is limited by its 
interaction with other components present in the intestinal fluids 126. 
 
1.6.2.2. Absorption (A*) 
The absorption describes the factors that are related to the trespassing of the 
nutraceutical from the gastrointestinal fluids, across the epithelium and into the 
systemic circulation 126. Additionally, the absorption can be further classified into five 
sub-classes of limitations: 
• Mucin layer transport limited (ML): when the bioavailability of a molecule is 
limited by the pass of the molecule through the mucus layer that protects the 
gastrointestinal tract due to its size, electrostatic or hydrophobic interactions 
of the molecule with the mucus layer 126. 
  
• Bilayer permeability limited (BL): when the bioavailability of a molecule is 
limited by the ability of the molecule to travel across the nonpolar 
phospholipid bilayer of the cell membrane 126. The BL characterizes the 
absorption of molecules from their oil-water partition coefficient, where a high 
coefficient favors the molecule’s absorption, and low oil-water partition 
coefficient values are associated with the low absorption of a molecule 126. 
  
• Tight junction transport limited (TJ): when the bioavailability of a molecule is 
limited by the molecule’s ability to be transported across the epithelium 
through tight junctions under physiological conditions (pore radios >0.7 nm) 
126, a type of cell-cell junction in the intestinal epithelia, primarily composed 
by occludin and claudin proteins, and forming a barrier impermeable most 
soluble molecules 129. 
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• Active transport limited (AT): when the bioavailability of a molecule is limited 
by active transport mechanisms, and defined as the absence of an active 
transport mechanism for a given molecule or by the saturation of said action 
mechanism 126.  
 
• Efflux transported limited (ET): when the bioavailability of a molecule is limited 
by efflux transporters located within the epithelium cell membranes that 
actively carry the molecule back into the intestinal lumen 126.  
 
1.6.2.3. Transformation (T*) 
The bioavailability of a molecule could be limited by its transformation into an inactive 
form in the gastrointestinal tract 126. Additionally, the transformation can be further 
classified into two sub-classes of limitations: 
• Chemical degradation limited (C): when the bioavailability of a molecule is 
limited by its chemical transformation (i.e. oxidation, reduction, or hydrolysis) 
126. 
  
• Metabolism limited (M): when the bioavailability of a molecule is limited by 
their metabolization from specific enzyme systems in the gastrointestinal tract 
126. Such is the case for many phenolic compounds like ACNs, resveratrol, 
quercetin, and epicatechin that are susceptible to phase I and II metabolism 
reactions within the gastrointestinal tract 126.  
 
1.6.2.4. Interpretation and use of the nutraceutical bioavailability 
classification scheme 
To be of use, the scheme classifies molecules by a B* A* T* label following the major 
factors that limit its bioavailability 126. A plus sign (+) is added next to each major 
physicochemical factor that is considered nonlimiting, however, if it is considered a 
limiting factor a minus sign (-) will be placed instead 126.  Additionally, to specify which 
single or multiple specific sub-factors are the ones that might be influencing the 
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bioavailability for a specific molecule, their abbreviations should be placed in 
subscript next to their appropriate major factors 126. For instance, resveratrol would be 
classified as B*(-) S; A*(-) ET; T*(-) M, C, since resveratrol has low solubility 126, it is efflux-
transported back into the intestinal lumen by the multidrug resistance-associated 
protein 2 (MRP2)transporter protein 126 and suffers from methylation, sulfonation, auto-
oxidation and degradation processes within the intestinal lumen 126.  
1.6.3. Biomarkers in nutrition 
The suitability of the nutritional status of an individual is determined by the extent to 
which the physiological nutrient requirements were achieved at a particular stage in 
life 130. In medicine, the development of biomarkers has been largely driven by their 
uses for the identification and quantification of a disease or its progression, while in 
nutrition the purpose of biomarkers is focused on the prevention of disease and the 
promotion of health 130. As a consequence, a different approach suggesting the 
consideration of biomarkers to be for health instead of disease 130.  
Consequently, there is a need to assess the adequate intake of any given nutrient at 
a stage of life in an objective and precise manner 130. However, the dietary 
assessment and nutritional status of an individual is usually performed using dietary 
intake recalls, food records, and food frequency questionnaires with inherent 
limitations such as the subjective nature of their data, the insufficient information in 
food composition tables, and other factors that influence the bioavailability of the 
nutrients 130. Therefore, there is a need for molecules that can be detected through 
biochemical analysis indicating their consumption, further lowering methodological 
errors, and detecting deficiency states in a more precise manner than a dietary 
assessment 130. Such biomarkers are clinically useful, in particular, to detect 
deficiencies and suggest treatment 130. 
However, there is a lack of well-accepted biomarkers of food intake for commonly 
eaten food groups such as alcoholic and non-alcoholic beverages, dairy products, 
meat, fatty fish, eggs, and others, consequently resulting in an urgent need to 
discover and validate new biomarkers 131.  
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Currently, a considerable number of candidate food intake biomarkers (FIBs) are 
being noted from the metabolomic studies, systematic reviews, and intervention 
studies, however, the FIB candidates must be validated 132. The validation of an FBI 
does not depend only on the analytical validity of the biomarker, the nutritional or 
biological validity should also be judged 132. Therefore, to consider the validation and 
application of a biomarker the following characteristics should be taken into 
consideration: 
1.6.3.1. Plausibility:  
Takes into consideration various confounding factors, such as the molecule’s 
presence in other foods, its industrial uses, or its endogenous production from other 
compounds demonstrating the causal relationship between the presence of the 
molecule in the analyzed fluids or tissues, and the ingestion of specific food or group 
132.  
1.6.3.2. Dose-response: 
It refers to the existing relationship between the dose of an ingested molecule and its 
presence in organs or tissues, determined by its bioavailability, and taking into 
consideration the molecule’s kinetics 132.  
1.6.3.3. Time-response: 
Assesses the time at which the candidate molecule’s maximum concentration is 
reached in various body fluids and the range of time for its measurement taking into 
account its absorption and elimination rates under the specific purpose of the 
biomarker 132. 
1.6.3.4. Stability: 
Evaluates the best practices that are needed to collect and store the samples to 
avoid their degradation and thus the ability to determine their concentration 132. 
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1.6.3.5. Analytical performance: 
Denotes the reliability of a molecule’s chemical analysis taking into consideration its 
accuracy, precision, and measurement variability. This criterion is minimally fulfilled by 
a molecule’s capability of being measured at different concentrations 132. 
1.6.3.6. Reproducibility: 
Evaluates the detection of a molecule performed in at least two different 
laboratories, and assessed through inter-laboratory comparison tests 132.  
1.6.3.7. Robustness: 
The robustness refers to the candidate knowledge on the biomarker’s behavior in 
complex diets from intervention studies 132. In other words, it evaluates the interaction 
between the candidate biomarker and other food components that might affect its 
use as a biomarker 132. 
1.6.3.8. Reliability: 
It evaluates the candidate for a biomarker and compared it against the current gold-
standard methodology to give a good measure of exposure 132. Additionally, a 
comparison between the candidate biomarker and a dietary assessment tool should 




The PCs are a group of molecules characterized by the presence of at least one 
phenol unit as a part of their chemical structures usually with a hydroxy group 
attached directly to the phenyl or another aryl group 133. From their chemical 
structure, PCs can then be subdivided into phenolic acids, tannins, quinones, 
curcuminoids, stilbenes, lignans, quinones, coumarins, and flavonoids 133. 
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Flavonoids are PCs characterized by a flavan nucleus and represent one of the most 
common classes of PCs present in fruits and vegetables 134–136. There are more than 
8000 flavonoid derivates identified in plants where they are usually responsible for their 





The chemical structure of a flavonoid consists 
of a skeleton made from 15 carbons, and 3 rings, two phenyl rings (A and B), and one 
heterocyclic (C) 137,138. Additionally, from their basic structure, flavonoids can be classified as 
anthoxanthins, flavanones, flavanols, flavanonols, and flavans 137,138
Figure elaborated from 143,144 
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Flavonoid consumption is considered beneficial for human health 135. Some 
epidemiological studies suggest that flavonoids have anti-inflammatory 139, and 
anticancer properties 140–142. Additionally, various studies demonstrate that oral 
flavonoid intake significantly reduces the risk of CVD mortality 143,144. However, due to 
the extent of the information on flavonoids, the following sections will be limited to 




ACNs are phenolic compounds part of the flavonol subclass and one of the most 
studied and well-known group of bioactive molecules 147. ACNs are water-soluble 
plant pigments considered responsible for the red, pink, purple, or blue coloration in 
the leaves, flowers, fruits, and seeds of many plants 9.  
 
1.8.1. Chemical structure 
ACNs molecules soluble and unstable in aqueous solution, existing in six core 
aglycone versions (cyanidin, delphinidin, pelargonidin, malvidin, peonidin, and 
petunidin)  however, the addition of either a sugar such as glucose, 
galactose, arabinose, or others in different positions of their C- or A-rings yields over 
700 derivative glycoside structures 128. ACNs are characterized by their positively 
charged oxygen atom making them potent antioxidants 148, as a result, ACNs are 
highly reactive to changes in pH, shifting from its flavylium form when diluted in acid 
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1.8.2. ACN natural occurrence 
ACNs are commonly found in the skin of various red and blue colored fruits, as well as 
in the flesh of some berries or apples at a concentration that ranges between 0.1% 





Figure adapted from 128  
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 ACN content in fruits and vegetables.
Food Scientific name 
ACN mg/100 g of fresh 




Apple  Malus Domestica 0-60.00 30 
Golden delicious  24.52 24.52 
Red love  6.87 6.87 
Gala  0.86 0.86 
Fuji  3.68 3.68 
Granny Smith  1.36 1.36 
Bilberry Vaccinium myrtillus 300–698 499 
Black bean Phaseolus vulgaris 24.1–44.5 32.8 
Black currant Ribes nigrum 130–476 303 
Black olives Olea europaea 42–228 135 
Black rice Oryza sativa 10–493 251.5 





Bog whortleberry Vaccinium uliginosum 154 154 
Cherry Prunus sp. 2–450 226 
Chokeberry Aronia melanocarpa 410–1480 945 
Cranberry Vaccinium Oxycoccus 67–140 103.5 
Crowberry Empetrum nigrum 360 360 
Eggplant Solanum melongena 8–85 46.5 
Elderberry Sambucus 664–1816 1240 
Goji Lycium barbarum 49.4 49.4 
Gooseberry Ribes uva-crispa 2.0–43.3 22.65 
Grapefruit Citrus × paradisi 5.9 5.9 
Lettuce Lactuca sativa 2.5–5.2 3.85 
Nectarine 
Prunus persica var. 
nucipersica 
2.4 2.4 
Peach Prunus persica 4.2 4.2 
Pear Pyrus sp. 5–10 7.5 
Plum Prunus subg. Prunus 2–25 15 
Purple corn Zea mays L. 1642 1642 
Raspberry Rubus idaeus 20–687 353.5 
Red cabbage 
Brassica oleracea var. 
capitata f. rubra 
322 322 
Red currant  Ribes rubrum 22 22 
Red grape Vitis vinifera 30–750 390 
Red onion Allium cepa 23.3–48.5 35.9 
Red radish Raphanus sativus 100–154 127 
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Rhubarb Rheum rhabarbarum 4–200 102 
Rowanberry Sorbus aucuparia 14 14 
Saskatoon berry Amelanchier alnifolia 234 234 
Strawberry Fragaria × ananassa 19–55 37 
    ACN mg/100 mL of liquid   
Pomegranate, 
unprocessed juice 
Punica granatum 0.15–2.52 1.33 
Red wine   16.4–35 25.7 
 
Table elaborated from 16,151. 
 
1.8.3. ACN pharmacokinetics 
ACNs can be absorbed in different rates and extents depending on their reactive 
groups and chemical complexity 128. Additionally, ACNs suffer multiple structural 
changes during their pass through the human body 152–154. Due to the complexity and 
importance of the ACN’s pharmacokinetics, the absorption and metabolism of ACNs 
will be described in the following sections and presented in . 
1.8.3.1. The absorption and metabolism of ACNs 
ACNs can be absorbed intact despite their chemical structure and the pH conditions 
along the gastrointestinal tract 128,152–154. Additionally, the co-ingestion of ACNs with 
other foods or beverages has an impact on its bioavailability 128,155, for instance, the 
co-ingestion of ACNs with milk significantly reduces their bioavailability 128,155, on the 
other hand, the ACN ingestion along with dairy cream (48% fat) does not impact the 
ACNs’ Cmax but it significantly increases the Tmax 155. 
I. Oral cavity 
There is not much information on the biotransformation or absorption of ACNs from 
the oral cavity, however, it has been demonstrated that ACNs can be degraded in 
the oral cavity by the interaction with undetermined salivary proteins as has been 
demonstrated with malvidin-3-glucoside 155.  
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After the initial degradation that occurred in the oral cavity, the ACNs travel into the 
gastric lumen, where 19 – 37% of total ACNs are absorbed from the gastric fluids, 
usually in an intact form 128,154.  
Traditionally, the gastric absorption has been attributed mainly to bilitranslocase 
128,154,156, an organic anion trans-membrane carrier with a high affinity for bilirubin 157. 
However, it has been demonstrated that ACNs can also be absorbed from the gastric 
lumen and into the systemic circulation via GLUT1 154, GLUT3 154, organic cation 
transporter 1 (OCT1) 154, organic anion transporter 2 (OAT2) 154, and the 
sodium/monocarboxylate transporters (SMCT) 1 and 2 154.  
Finally, it is considered that ACNs do not suffer any structural changes in the gastric 
lumen since they remain in their glycosidic form at the gastric pH (1-4) 128,151,154,155. 
III. Small intestines 
After gastric absorption, ACNs continue their travel through the gastrointestinal tract 
into the duodenum where 10.4 ± 7.6 % of ACNs are absorbed 128, the remaining ACNs 
continue to the jejunum 128,154,155,158,159.  
In the small intestine, ACNs can be actively absorbed from the intestinal lumen 
through SGLT1, GLUT2, and bilitranslocase transporters located in the intestinal brush 
border 158,160,161. On the other hand, ACNs can also be absorbed through passive 
diffusion after the hydrolyzation of ACNs, and thus, their conversion into 
anthocyanidins by the β-glucosidase or lactase-phlorizin hydrolase enzymes located 
in the brush border of the intestinal epithelium 154,158.  
It has been demonstrated that around 7% of ingested ACNs can be detected in the 
intestinal walls of animals after 2 h after the oral ACN ingestion 128,162, and 
concentrations appear to be time-accumulative 128,159. However, only trace amounts 
of ACNs are absorbed in the small intestine, while the majority of ACNs are absorbed 
in the large intestine 155. 
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Some of the ACNs that are absorbed into the intestinal epithelial cells suffer the 
sulfation, methylation, or glucuronidation of their chemical structures yielding multiple 
ACN metabolites inside the intestinal epithelial cell that will be then transported along 
with the unaltered ACNs into the inferior vena cava circulation 158. 
Alternatively, the unabsorbed ACNs continue their passing through the intestinal tract 
into the colon, where they can be degraded into phenolic acids or aldehydes within 
the colonic lumen by the 300 - 500 bacterial species that make the colonic 
microbiota 154,158.  
IV. Large intestine and the influence of the intestinal microbiota  
After the majority of ingested ACNs arrive at the colon, the 3-O-glycosidic sugar 
moiety of ACNs is hydrolyzed by bacteria from the Clostridium, Bifidobacterium, 
Bacteroides, and Eubacteria species, thus converting some of the remaining ACNs 
into anthocyanidins, and another phase I and II conjugates 128,154,155,158. 
It has been described that the release of deglycosylation enzymes from the intestinal 
bacteria and ACN bacterial metabolization results in the production of several 
metabolites including the protocatechuic, vanillic, benzoic, caffeic, and p-coumaric 
acids amongst many other PCs 128,154,158,163.  
The importance of the ACN colonic metabolites should not be underestimated, as it 
has been demonstrated that at least 30% of ingested ACNs could remain stable in 
their original form after 8 h of ingestion and their intestinal passage 164. Moreover, only 
20% of the metabolites are absorbed from the small intestine suggesting that the 
colon is a major absorption site for ACNs and their metabolites 164. While the remaining 
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1.8.3.2. The classification of ACNs according to the nutraceutical 
bioavailability classification scheme 
 
ACNs are considered highly bioaccessible molecules (>75%), soluble, and easily 
liberated from the food matrix, however, due to their size and physicochemical 
properties its absorption is limited by the intestinal bilayer permeability which is 
mediated through active transport, finally, the bioavailability of ACNs might be 
limited by the pre-absorptive metabolization of their structures 126. Thus, ACNs can be 
classified from their absorptive properties as:   
B*(+); A*(−) BP; T*(−)C 126. 
 
1.8.4. ACNs in the systemic circulation 
If ACN metabolites and catabolites are taken into consideration, ACNs are more 
bioavailable than previously thought 155. Parent ACNs can be rapidly detected in the 
systemic circulation reaching their maximum peak (Cmax: 141 nM) and 
disappearance from the bloodstream at 1.8 and 6 h post-consumption respectively 
158. Additionally, the ACN metabolite maximum peak (Cmax: 0.2−2 μM) has been 
detected in the first 10 h after the parent ACN oral ingestion and remains detectable 
in circulation for up to 48 h 158. 
This evidences a biphasic ACN profile in the blood with a first peak encountered 
between 0 and 5 h, and a second and more intense peak around 6 and 48 h, 
corresponding to the gastric/intestinal and colonic absorption peaks, respectively 
155,158. 
Once in the circulation ACNs undergo massive biotransformation processes mainly in 
the liver where phase I and II metabolization reactions occur, however, the same 
reactions have been demonstrated in the lungs and kidneys of humans however to 
a lesser extent where they are also excreted 128,154,155,158,159,163.  
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Figure elaborated from 128,151,163,151,154–159,162 
128,154,155,158,159,163128  
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1.8.5. The health benefits of ACNs 
From observational studies, it has been determined that the dietary ACN intake is 
inversely associated with the risk of CVD in both European and US populations 143. 
Additionally, consuming around 20-320 mg of ACNs significantly decreases serum 
LDLc between 16-25% when compared against placebo 165. On the other hand, ACNs 
seem to be able to beneficially modify the low-grade systemic inflammation 166, and 
ACNs have a potent antioxidant activity, thus reducing the damage caused by the 
reactive oxygen species 9.  Finally, the dietary ACN intake seems to be beneficial for 
the prevention of type 2 diabetes mellitus, some types of cancer, and hypertension 
17,167,168. A more detailed description of the ACNs health properties is enclosed within 
the present thesis. 
Therefore, the main objective of the present thesis is to determine the effect of 
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The anthocyanins provided by fruits, extracts, or other products help to 




To determine the effect of anthocyanin consumption on different 




2.2.1.  To determine the presence of anthocyanins in different 
animal tissues and their possible effects on health. (Systematic review 
1: Anthocyanin tissue bioavailability in animals: possible implications for human 
health. A systematic review) (published IF: 6.500; Q1;D1 (8/89). 
 
2.2.2.  To determine the existence of a biomarker of 
consumption of red fruits rich in anthocyanins. (Systematic review 2: 
“Possible biomarkers for anthocyanin-rich berry intake in human body fluids a 
systematic review and qualitative metaanalysis”) (published). 
 
2.2.3. . To determine the known effects of apple consumption 
on different cardiovascular risk factors. (Narrative review 3: “The effects 
and associations of whole-apple intake on diverse cardiovascular risk factors. A 
narrative review”) (published IF: 3.571; Q1;D1 (28/135). 
 
2.2.4. . To determine the effects of the sustained consumption 
of red-fleshed apples and other anthocyanin-rich fruits on diverse 
cardiovascular disease risk factors in humans, and the protein 
expression of the tissues in the hearts and aortas of rats. (Article 5: 
“Red-and white-fleshed apples modulate aorta and heart proteome in 
hypercholesterolemic rats. The AppleCOR project”) (under peer review). 
 
2.2.5.  To determine the known effects and associations of 
anthocyanin consumption on different diseases and risk factors. 
(Umbrella review 4: “The health benefits of anthocyanins: an umbrella review of 
systematic reviews and meta-analysis of observational studies and clinical 
controlled trials”) (under peer review). 
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2.2.6.  To determine the effects of different phenolic 
compounds in the reduction of the damage to the structure and 
barrier function of the intestinal epithelium. (Systematic review 6: 
“Exploring the effects of phenolic compounds to reduce intestinal damage and 
improve the intestinal barrier integrity: A systematic review of in vivo and in vitro 
studies”) (published IF: 6.360; Q1;D2 (9/89). 
 
2.2.7.  To determine the effects of different phenolic 
compounds in the reduction of the damage suffered by the lungs 
during the acute lung injury induced by sepsis. (Systematic review 7: 
“Exploring the Effects of the Phenolic Compound Administration to Reduce the 
Acute Lung Injury Secondary to Lipopolysaccharide Administration in Animals: A 
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3.1. Chapter 1 
Cyanidin-3-glucoside as a possible biomarker of anthocyanin-rich 
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Reference: Sandoval-Ramírez BA, Catalán Ú, Fernández-Castillejo S, Pedret 
A, Llauradó E, Solà R. Cyanidin-3-glucoside as a possible biomarker of 
anthocyanin-rich berry intake in body fluids of healthy humans: a systematic 
review of clinical trials. Nutr Rev. 2020 Jul 1;78(7):597-610. doi: 
10.1093/nutrit/nuz083. PMID: 31858139; PMCID: PMC7279666. 
UNIVERSITAT ROVIRA I VIRGILI 
THE TISSUE BIOAVAILABILITY, BIOMARKERS, AND EFFECTS OF ANTHOCYANINS ON HUMAN HEALTH.  
STUDIED THROUGH SYSTEMATIC REVIEWS ON ANTHOCYANIN-RICH FOODS AND A NUTRITIONAL PRE-CLINICAL STUDY 
WITH ANTHOCYANIN-RICH RED FLESHED-APPLES. THE APPLECOR PROJECT. 
Berner Andrée Sandoval Ramírez 
  
85 
UNIVERSITAT ROVIRA I VIRGILI 
THE TISSUE BIOAVAILABILITY, BIOMARKERS, AND EFFECTS OF ANTHOCYANINS ON HUMAN HEALTH.  
STUDIED THROUGH SYSTEMATIC REVIEWS ON ANTHOCYANIN-RICH FOODS AND A NUTRITIONAL PRE-CLINICAL STUDY 
WITH ANTHOCYANIN-RICH RED FLESHED-APPLES. THE APPLECOR PROJECT. 
Berner Andrée Sandoval Ramírez 
  
86 
UNIVERSITAT ROVIRA I VIRGILI 
THE TISSUE BIOAVAILABILITY, BIOMARKERS, AND EFFECTS OF ANTHOCYANINS ON HUMAN HEALTH.  
STUDIED THROUGH SYSTEMATIC REVIEWS ON ANTHOCYANIN-RICH FOODS AND A NUTRITIONAL PRE-CLINICAL STUDY 
WITH ANTHOCYANIN-RICH RED FLESHED-APPLES. THE APPLECOR PROJECT. 
Berner Andrée Sandoval Ramírez 
  
87 
UNIVERSITAT ROVIRA I VIRGILI 
THE TISSUE BIOAVAILABILITY, BIOMARKERS, AND EFFECTS OF ANTHOCYANINS ON HUMAN HEALTH.  
STUDIED THROUGH SYSTEMATIC REVIEWS ON ANTHOCYANIN-RICH FOODS AND A NUTRITIONAL PRE-CLINICAL STUDY 
WITH ANTHOCYANIN-RICH RED FLESHED-APPLES. THE APPLECOR PROJECT. 
Berner Andrée Sandoval Ramírez 
  
88 
UNIVERSITAT ROVIRA I VIRGILI 
THE TISSUE BIOAVAILABILITY, BIOMARKERS, AND EFFECTS OF ANTHOCYANINS ON HUMAN HEALTH.  
STUDIED THROUGH SYSTEMATIC REVIEWS ON ANTHOCYANIN-RICH FOODS AND A NUTRITIONAL PRE-CLINICAL STUDY 
WITH ANTHOCYANIN-RICH RED FLESHED-APPLES. THE APPLECOR PROJECT. 
Berner Andrée Sandoval Ramírez 
  
89 
UNIVERSITAT ROVIRA I VIRGILI 
THE TISSUE BIOAVAILABILITY, BIOMARKERS, AND EFFECTS OF ANTHOCYANINS ON HUMAN HEALTH.  
STUDIED THROUGH SYSTEMATIC REVIEWS ON ANTHOCYANIN-RICH FOODS AND A NUTRITIONAL PRE-CLINICAL STUDY 
WITH ANTHOCYANIN-RICH RED FLESHED-APPLES. THE APPLECOR PROJECT. 
Berner Andrée Sandoval Ramírez 
  
90 
UNIVERSITAT ROVIRA I VIRGILI 
THE TISSUE BIOAVAILABILITY, BIOMARKERS, AND EFFECTS OF ANTHOCYANINS ON HUMAN HEALTH.  
STUDIED THROUGH SYSTEMATIC REVIEWS ON ANTHOCYANIN-RICH FOODS AND A NUTRITIONAL PRE-CLINICAL STUDY 
WITH ANTHOCYANIN-RICH RED FLESHED-APPLES. THE APPLECOR PROJECT. 
Berner Andrée Sandoval Ramírez 
  
91 
UNIVERSITAT ROVIRA I VIRGILI 
THE TISSUE BIOAVAILABILITY, BIOMARKERS, AND EFFECTS OF ANTHOCYANINS ON HUMAN HEALTH.  
STUDIED THROUGH SYSTEMATIC REVIEWS ON ANTHOCYANIN-RICH FOODS AND A NUTRITIONAL PRE-CLINICAL STUDY 
WITH ANTHOCYANIN-RICH RED FLESHED-APPLES. THE APPLECOR PROJECT. 
Berner Andrée Sandoval Ramírez 
  
92 
UNIVERSITAT ROVIRA I VIRGILI 
THE TISSUE BIOAVAILABILITY, BIOMARKERS, AND EFFECTS OF ANTHOCYANINS ON HUMAN HEALTH.  
STUDIED THROUGH SYSTEMATIC REVIEWS ON ANTHOCYANIN-RICH FOODS AND A NUTRITIONAL PRE-CLINICAL STUDY 
WITH ANTHOCYANIN-RICH RED FLESHED-APPLES. THE APPLECOR PROJECT. 
Berner Andrée Sandoval Ramírez 
  
93 
UNIVERSITAT ROVIRA I VIRGILI 
THE TISSUE BIOAVAILABILITY, BIOMARKERS, AND EFFECTS OF ANTHOCYANINS ON HUMAN HEALTH.  
STUDIED THROUGH SYSTEMATIC REVIEWS ON ANTHOCYANIN-RICH FOODS AND A NUTRITIONAL PRE-CLINICAL STUDY 
WITH ANTHOCYANIN-RICH RED FLESHED-APPLES. THE APPLECOR PROJECT. 
Berner Andrée Sandoval Ramírez 
  
94 
UNIVERSITAT ROVIRA I VIRGILI 
THE TISSUE BIOAVAILABILITY, BIOMARKERS, AND EFFECTS OF ANTHOCYANINS ON HUMAN HEALTH.  
STUDIED THROUGH SYSTEMATIC REVIEWS ON ANTHOCYANIN-RICH FOODS AND A NUTRITIONAL PRE-CLINICAL STUDY 
WITH ANTHOCYANIN-RICH RED FLESHED-APPLES. THE APPLECOR PROJECT. 
Berner Andrée Sandoval Ramírez 
  
95 
UNIVERSITAT ROVIRA I VIRGILI 
THE TISSUE BIOAVAILABILITY, BIOMARKERS, AND EFFECTS OF ANTHOCYANINS ON HUMAN HEALTH.  
STUDIED THROUGH SYSTEMATIC REVIEWS ON ANTHOCYANIN-RICH FOODS AND A NUTRITIONAL PRE-CLINICAL STUDY 
WITH ANTHOCYANIN-RICH RED FLESHED-APPLES. THE APPLECOR PROJECT. 
Berner Andrée Sandoval Ramírez 
  
96 
UNIVERSITAT ROVIRA I VIRGILI 
THE TISSUE BIOAVAILABILITY, BIOMARKERS, AND EFFECTS OF ANTHOCYANINS ON HUMAN HEALTH.  
STUDIED THROUGH SYSTEMATIC REVIEWS ON ANTHOCYANIN-RICH FOODS AND A NUTRITIONAL PRE-CLINICAL STUDY 
WITH ANTHOCYANIN-RICH RED FLESHED-APPLES. THE APPLECOR PROJECT. 
Berner Andrée Sandoval Ramírez 
  
97 
UNIVERSITAT ROVIRA I VIRGILI 
THE TISSUE BIOAVAILABILITY, BIOMARKERS, AND EFFECTS OF ANTHOCYANINS ON HUMAN HEALTH.  
STUDIED THROUGH SYSTEMATIC REVIEWS ON ANTHOCYANIN-RICH FOODS AND A NUTRITIONAL PRE-CLINICAL STUDY 
WITH ANTHOCYANIN-RICH RED FLESHED-APPLES. THE APPLECOR PROJECT. 





UNIVERSITAT ROVIRA I VIRGILI 
THE TISSUE BIOAVAILABILITY, BIOMARKERS, AND EFFECTS OF ANTHOCYANINS ON HUMAN HEALTH.  
STUDIED THROUGH SYSTEMATIC REVIEWS ON ANTHOCYANIN-RICH FOODS AND A NUTRITIONAL PRE-CLINICAL STUDY 
WITH ANTHOCYANIN-RICH RED FLESHED-APPLES. THE APPLECOR PROJECT. 














3.2.  Chapter 2 
Anthocyanin Tissue Bioavailability in Animals: Possible Implications for 
Human Health. 
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Reference: Sandoval-Ramírez BA, Catalán Ú, Fernández-Castillejo S, Rubió L, 
Macià A, Solà R. Anthocyanin Tissue Bioavailability in Animals: Possible 
Implications for Human Health. A Systematic Review. J Agric Food Chem. 
2018 Nov 7;66(44):11531-11543. doi: 10.1021/acs.jafc.8b04014. Epub 2018 
Oct 30. PMID: 30345762.  
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3.3. Chapter 3 
The health benefits of anthocyanins: an umbrella review of systematic 
reviews and meta-analysis of observational studies and clinical 
controlled trials. 
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3.4. Chapter 4 
Red and white-fleshed apples modulate aorta and heart proteome in 
hypercholesterolemic rats. The AppleCOR project. 
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3.5. Chapter 5 
The effects and associations of whole-apple intake on diverse 
cardiovascular risk factors. A narrative review. 
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3.6. Chapter 6 
Exploring the effects of phenolic compounds to reduce intestinal 
damage and improve the intestinal barrier integrity: A systematic 
review of in vivo animal studies. 
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3.7. Chapter 7 
Exploring the effects of phenolic compounds to reduce the 
acute lung injury secondary to sepsis: A systematic review 
of in vivo studies. 
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he hypothesis proposed on the effects of anthocyanins in the 
present doctoral Thesis has been confirmed, demonstrating that 
regardless of their source, ACNs improve various risk factors associated 
with cardiovascular and other diseases. Moreover, from the ACN effects, 
additional properties such as their beneficial effects on the intestinal 
barrier integrity and other organs emerged for other PCs. As a result, 
opening new opportunities for the prevention, treatment, or 
management of various diseases.   
 
So far, research on ACNs has been focused on the study of their effects 
from extract administration 9, however, ACNs are pigments naturally 
present in plants 15–17, thus, to properly understand the benefits from fruit 
intake, it is essential to study the effects of “whole-foods” instead of their 
individual components since whole-foods are the most common 
presentation for nutrient intake 18,19. 
 
To determine the effects of ACN consumption on health, multiple 
systematic reviews, and a randomized animal trial were employed. Their 
results will be discussed in the following sections, divided in accordance 
with each separate study. 
 
4.1. Regarding the ACN-rich fruit biomarker of intake: 
Despite the important role of fruits and vegetables on human health, to 
properly assess the connection between fruit intake and their effects or 
associations with human health, an exposure biomarker is needed 131. 
Currently, dietary exposure is estimated from tools such as food 
frequency questionnaires assessing regular food consumption or 24-h 
dietary recalls for a more detailed assessment of short-term food intake, 
however, such methods are usually associated with systematic inherent 
errors secondary to their subjective nature 131. Therefore, the information 
of a food-intake biomarker should be obtained directly from biological 
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samples, however, the determination of an adequate biomarker of 
consumption for commonly consumed berries and other ACN-rich fruits 
has been elusive due to methodological complications for a single RCT 
131.  
 
Nonetheless, from the systematic review of multiple human studies, it has 
been demonstrated that up to 203 PCs can be detected in human urine 
and plasma from which a 40% detection cut-off was considered to 
reduce the number of candidates. Out of the 97 remaining PCs, C3G 
was the most frequently found PC in 69.49% of the plasma samples and 
in 58.06% of the urine samples of healthy humans 169. Thus, C3G is the 
most frequently found molecule in the plasma or urine of healthy 
humans 169. 
 
C3G seems to be a highly specific molecule, presence is relatively rare 
in plants 170, and it is not used as a food additive nor secondary to the 
human metabolization of other compounds 132. As a result, the evidence 
plausibility demonstrates the causal relationship between ACN’s intake 
and bioavailability, demonstrating that C3G’s in human plasma or urine 
is directly caused by the ingestion of berries 169, thus fulfilling the crucial 
food biomarker criterion of plausibility 131,132,169. Similarly, C3G fulfills the 
analytical performance, stability, dose-, and time-response standards, 
therefore complying with most of the criteria needed to be considered 
a biomarker 131,132,169.  
 
Finally, C3G’s has a positive predictive value of 74% in plasma and of 
61.7% in urine, although not significantly, such values are considered 
acceptable 169,171. As a consequence, it has been determined that C3G 
is the most adequate biomarker to assess the adequate intake of ACN-
rich berry in human plasma or urine 169. 
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4.2. Regarding the ACN tissue bioavailability in animals: 
To explain the ACN effects beyond their intestinal bioavailability, the 
ACNs that are absorbed at different degrees and rates into living 
systems must be available at the tissue site to exert any physiological 
activity 172. Thus, a key point to explain the ACN effects is the ACN tissue 
bioavailability, however, since it is currently impossible to attain such 
information directly from humans, it was obtained from animals 172. 
Accordingly, from short-term animal experiments using a single ACN 
dose either oral or intravenous (IV), and the information from the long-
term oral ACN administration to animals, a difference in the short- versus 
the long-term ACN tissue profiles were noted 127. Parent ACNs were 
predominant in long-term animal experiments, while the ACN 
metabolites were more frequent in the short-term interventions 127. 
The difference in ACN profiles could be explained by the saturation of 
the absorption mechanisms (mainly at gastric level via bilitranslocase) 
and by the further colonic metabolization of the non-absorbed ACNs 
127,173. Suggesting that the time and dose effects over ACN tissue profile 
might be relevant to attain tissue-specific health effects derived from 
ACN administration 127. 
Moreover, the parent or ACN metabolite tissue bioavailability could 
explain the health benefits attributed to ACNs, orally, or intravenously 
administrated 127. In that sense, cyanidin-3-glucoside (C3G) and its 
metabolites are the most frequently found ACNs in the hearts, kidneys, 
lungs, and brains of animals, also demonstrating multiple health benefits 
in separate animal experiments 127. consequently suggesting that C3G, 
a bioavailable ACN in target tissues, could have an interesting potential 
for the reduction of cardiac, neurodegenerative, or renal diseases 127.  
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Thus, it has been evidenced that ACNs that are bioavailable in animal 
tissues, like C3G, might have an important role in human health 127. 
However, it should be kept in mind that the ACN source, dose, and time 
of administration cause different ACN profiles in target tissues 127. 
4.3. Regarding the effects and associations of ACN intake on 
human health, from the umbrella review of the information 
from the systematic review and meta-analysis (SRM) of RCTs 
and OS’ 
The results from both RCTs and OS’ could aid in the determination of the 
effectiveness, safety, and health properties of whole-foods and 
bioactive compounds 174. Moreover, the conjunct analysis of RCTs and 
OS’ might assist the understanding and aid solving complex questions, 
such as the significance of the relationship between the ACN’s effects 
and associations,  that could not be answered from either one type of 
study alone 174. Accordingly, to provide accessible and practical 
information on the proven health benefits of ACNs, our umbrella review 
117 integrates the information on the ACN effects and associations from 
SRMs of RCTs and OS’ respectively.  
Accordingly, to analyze the increasing number of information from 
systematic reviews, the accomplishment of “umbrella” reviews, allowing 
the relevant findings from other reviews to be compared and 
contrasted, is the logical “next step” to provide healthcare workers with 
the evidence required to make adequate decisions 117.   
As a result, from OS’-SRMs, the dietary intake of ≈ 22 mg/day of ACNs, 
regardless of their source, is significantly associated to a 15% reduction 
in the risk of type 2 diabetes mellitus (T2DM) 175, what is more, an 
additional 5% reduction in the risk of T2DM has been noted per each 
increment of 7.5 mg/day of ACN intake 175. Similarly, the dietary ACN 
intake is significantly associated with the reduction of the hypertension 
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risk 176, while no associations were noted for gastric nor breast cancers 
177,178.  
In addition, the information from RCT-SRMs reveals that the oral 
administration of ACNs extracts to humans, causes a significant 
improvement in the TC, LDLc, and HDLc plasmatic concentrations 
increase the cellular glucose uptake, reduces the insulin resistance, and 
improves the endothelial function without showing significant effects on 
the blood pressure values 165,179–181. The effects of oral ACNs in human 
RCTs could explain the reduction in the risk of T2DM associated with the 
chronic ACN intake observed in humans. 
In consequence, the chronic ACN dietary intake, regardless of its source, 
aids in the prevention of T2DM and hypertension, while oral ACN 
supplementation should be considered in the management of glucose 
metabolism, hypercholesterolemia, and in the improvement of the 
endothelial function in humans. 
4.4. Regarding the effects of red-fleshed apples, white-fleshed 
apples, and an ACN-rich extract on the heart and aortic 
tissue proteome concerning their effects on CVD in animals. 
When compared against common white-fleshed apples, different 
studies demonstrate that the total phenolic content and antioxidant 
capacity reported is higher in red-fleshed apples from their enhanced 
ACN content, indicating that red-fleshed apples presumably have 
additional health properties 16. As a consequence, determining the 
possible mechanisms-of-action of ACNs from red-fleshed apples and 
compared against white-fleshed apples (ACN-free control), and an 
ACN-rich extract from Aronia melanocarpa (apple matrix control) on 
the proteomic profile of the aortas and hearts of hypercholesterolemic 
rats. 
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On that matter, the results from the ACN’s mechanisms of action 
obtained after the sustained administration of red-fleshed apples, white-
fleshed apples, or an ACN-rich extract to hypercholesterolemic rats 
reveal that multiple changes in the expression of various proteins can be 
identified in the aortas and hearts of Wistar rats. These results are further 
discussed in the following sections; associating the effects on the 
proteome of the hearts and aortas of rats after each nutritional 
intervention, with a cardiovascular-related outcome to understand their 
possible implications of said changes on human health. 
4.4.1. The red-fleshed apple effects on the heart and aortic tissue 
proteome. 
The red-fleshed-apple-mediated modification in the proteome of the 
hearts and aortas of hypercholesterolemic rats is consistent with a 
healthier pattern of CVD biomarkers.  
When compared to the high-fat diet (HFD) group in the aortas of 
hypercholesterolemic rats, red-fleshed apples upregulate DDAH1, an 
enzyme that prevents some protein degradation products from causing 
CVD in humans 182,183, and of cathepsin D, a cholesterol efflux inducing 
molecule 184. Similarly, in the rat’s hearts, red-fleshed apples significantly 
increased the expression of GPX1, an antioxidant enzyme that can 
restore the endothelial phenotype of some high oxidative stress 
pathologies and suggesting positive effects on CVD prevention 185,186.  
Additionally, red-fleshed-apples significantly downregulated the 
expression of CRP, C1QB, and CFP in the heart tissues of rats, all three 
proteins involved in the complement system activation 187,188, thus, 
demonstrating a beneficial effect on various anti-inflammatory proteins 
related to CVD 189 from the consumption of red-fleshed apples. 
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As a consequence, these findings demonstrate for the first time that 
despite the detrimental effects of a HFD, the oral supplementation with 
ACN-rich red-fleshed apples to rats beneficially modifies the expression 
of proteins related to CVD in humans, thus supporting the beneficial role 
of red-fleshed apples for the prevention of CVD.   
4.4.2. The white-fleshed apple effects on the heart and aortic tissue 
proteome. 
White-fleshed apples downregulated the expression of complement 3 
(C3) and C9 in the hearts and aortas of rats, while other molecules such 
as the complement factor B, properdin, C4BPA, and C1QB were 
reduced only in the rat’s aortas. These proteins are involved in the 
activation or are a part of both the classical and alternative 
complement pathways 187,188, and could most likely influence CVD 189.  
The reduction in the expression of proteins such as C9 could reflect a 
reduction of the atherosclerotic plaque formation process. High 
concentrations of C9 are deposited as a part of the intima layer in grade 
II aortic atherosclerotic lesions in humans 190. Moreover, the 
downregulation of the expression of proteins involved in the 
complement system caused by white-fleshed apples demonstrates a 
particular anti-inflammatory effect from the white-fleshed apple 
consumption and suggests a possible effect in the reduction of the 
atheroma plaque formation with a consequent reduction in the risk of 
CVD. 
On the other hand, the white-fleshed apples significantly reduced the 
expression of iron homeostasis proteins such as myoglobin in the hearts, 
and haptoglobin, hemopexin, and ceruloplasmin in the aortas of rats. 
These changes could benefit cardiovascular health  through the 
reduction in the expression of myoglobin, a potent nitric oxide (NO) 
scavenger 191, might be beneficial for hypertensive states where there is 
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a lesser bioavailability of vascular NO, or from the downregulation of 
ceruloplasmin, a promoter of deleterious vascular effects and a known 
CVD risk factor 192–194. 
Additionally, in the hearts of rats, the oral intake of white-fleshed apples 
downregulates the expression of ECH1, a reduction that has been linked 
to enhanced resistance to ischemia-reperfusion injury in the hearts of 
Brown Norway rats 195, and of glutathione s-transferase mu 2 (GTSM2), a 
molecule capable of improving the heart’s contractility 196. Interestingly, 
white-fleshed apples downregulate the expression of annexin A2, a 
calcium-regulated binding protein that reduces the expression of the 
PCSK9 enzyme 197, hence increasing the cholesterol clearance from LDL 
particles, supporting the beneficial role of white-fleshed apples in CVD 
prevention. 
However, it was demonstrated that white-fleshed apples particularly 
influence proteins in the “Neurological Disease, Hematological Disease, 
and Cardiovascular Disease” with a score of 25 points and where 15/46 
of the differentially expressed proteins were a part of this network. The 
evidence demonstrates that the effects of the white-fleshed apple 
intake could influence various relevant diseases and biological functions 
such as the blood coagulation (from the modification of C3, C9, F12, 
and F9), the iron homeostasis and transport (CP and TF), the 
complement activation (C3 and CFB), and from various other protein 
modifications. 
4.4.3. The ACN-rich extract effects on the heart and aortic tissue 
proteome.  
To assess the ACN properties, and reduce the apple matrix effect, an 
ACN-rich extract was used. As a result, it was demonstrated that in the 
aortas of hypercholesterolemic rats, the ACN-rich extract significantly 
reduces the expression or the protein kinase cAMP-activated catalytic 
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subunit alpha (PRKACA), favoring the inhibition of the spontaneous and 
pathological blood clot formation in blood vessels 198, and of IQ motif 
containing GTPase activating protein 1 (IQGAP1), a protein associated 
with the cell proliferation, migration, and rearrangement of the vascular 
smooth muscle cells in varicose veins 199. Thus, potentially reducing the 
risk of cardiovascular events. 
Additionally, the ACN-rich extract upregulates fibromodulin (FMOD), a 
protein known for triggering the platelet aggregation through the 
activation of a collagen-specific receptor 200, and other molecules with 
cardiovascular interest such as transgrelin (TAGLN) and adenylyl 
cyclase-associated protein 1 (CAP1) involved in the heart’s contractility 
201, and a modulator of LDL receptor degradation in the liver respectively 
202, suggesting that ACNs positively improve the cardiovascular risk. 
Furthermore, the ACN-rich extract particularly influenced the “Energy 
Production, Cellular Function, and Maintenance, and Post-Translational 
Modifications” pathway with a score of 17 points, and where 10/28 of 
the differentially expressed proteins were a part of this network. While the 
ACN-rich extract modifies proteins that could have an impact on the 
nervous system development (PRKACA, CLTC, CAP1, SEPT2, and 
IQGAP1), cell death and survival (PRKACA, RRAS2, HSP90AB1, PPIA, and 
NNT) and other biochemical functions. 
4.4.4. The apple matrix effect on the heart and aortic tissue 
proteome. 
After the oral intake of both the red- and white-fleshed apples, in the 
aorta of the hypercholesterolemic rats, common downregulations in the 
expression of CFP, a complement system regulator 187, and C1QB, part 
of the first component and main activator of the complement system 
188, were observed regardless of the apple’s ACN content, thus, leading 
to a stimulus for the reduction in the complement system activation. 
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Additionally, also in the aortas of hypercholesterolemic rats, both apple 
varieties significantly downregulated the expression of alpha-1-
antitrypsin (SERPINA1), and enoyl-CoA hydratase 1 (ECH1), both 
considered potent inflammatory molecules 203,204, suggesting an anti-
inflammatory effect from the apple matrix. 
Apple consumption induced a comparable effect on the complement 
system’s proteome in the aortas of hypercholesterolemic rats, despite 
their different ACN content. Consequently, it can be stated that apples 
share common effects on the complement system that could be 
beneficial for health in humans, probably from their shared matrix 
composition (i.e. oral fiber or other PCs). 
4.4.5. Red-fleshed apples, white-fleshed apples, and ACN-rich 
extract comparisons with atorvastatin 
The rats consuming red-fleshed apples, white-fleshed apples, or the 
ACN-rich extract, promoted a decreased expression of ECH1 that was 
also observed after the administration of atorvastatin, an effect not 
previously reported. Additionally, the red-fleshed apples and 
atorvastatin reduced the expression of glutathione peroxidase 1 (GPX1), 
while GSTM2 and myoglobin (MB) were both downregulated by the 
white-fleshed apples and atorvastatin. Finally, the ACN-rich extract and 
atorvastatin downregulated the four and a half LIM domains protein 1 
(FHL1), a protein with unknown functions but found significantly 
increased in cardiac failure, cardiac hypertrophy, pulmonary 
hypertension, and arrhythmias 205. Therefore, apples and atorvastatin, 
one of the most used lipid-lowering drugs, share common mechanisms 
of action that might impact positively on diverse CVD risk factors. 
Thus, the evidence demonstrates that apples and ACNs influence the 
expression of multiple proteins related to CVD in a beneficial manner in 
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animals, suggesting that apples and ACNs could be considered for the 
prevention of CVD in humans. 
4.5. Regarding the effects of whole-apple intake on diverse 
cardiovascular disease (CVD) risk factors. 
The previous results demonstrate that apples have a beneficial role CVD 
prevention, that all apples share effects, probably from their matrix 
composition and that the intensity of the various apple’s effects 
depends on their PC composition. In that sense, to reveal the influence 
that whole-apple intake has over CVD, the associations between whole-
apple consumption and CVD risk protection were assessed from OS’, 
while the effects from the whole-apple intake on multiple CVD risk 
factors were evaluated from various randomized controlled and non-
controlled trials (RTs).  
Accordingly, the OS evidence demonstrates that consuming at least 1 
whole-apple/day (≈100 g/day) is significantly associated with a 
reduction in the mortality risks for CVD, stroke, and ischemic heart 
disease, and all-cause death separately 206–209. Additionally, from OS’, 1 
whole-apple a day reduces de risk of suffering from severe abdominal 
aortic calcification 210, hypertension, or a thrombotic stroke, and 
reduces the risk of serum CRP concentrations ≥3.0 mg/L 211. 
On the other hand, the whole-apple intake effects tested in RTs 
evidence an overall beneficial effect over the plasmatic lipids. As it was 
demonstrated, the intake of the different whole-apple varieties reduced 
TC and LDLc while increasing HDLc to various degrees 212–216, suggesting 
that at least some of the noted beneficial effects of the whole-apple 
consumption are not driven by a matrix effect and modified by each 
apple variety’s phenolic content.  
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Moreover, apples also demonstrated to significantly decrease various 
pro-inflammatory cytokines such as IL-6, INF-γ, and TNF-α in PMBC in vitro 
models and noticeably decreasing the CRP serum levels in humans 214–
217. Similarly, the whole-apple intake reduces the systolic blood pressure 
and pulse pressure values, while also improving the endothelial function 
215,216,218. 
The results also evidence that the geographical origin of apples is 
important when analyzing their health properties, since conditions such 
as the weather, harvest season, and type of soil significantly change the 
apple’s phenolic content, mineral, fiber and vitamin content 
consequently influencing their effects on CVD and health. Therefore, 
demonstrating that apples, should be considered in the management 
and prevention of CVD, regardless of their variety. 
4.6. Regarding the effects of the oral phenolic compound (PC) 
administration on the intestinal barrier integrity.  
Because of the previous results, it has been determined that ACNs, 
regardless of their source, should be considered in the acute 
management of cardiometabolic disease in humans. However, the 
ACN effects suggest further possible uses in the management of other 
conditions, where like in CVD, inflammation plays an important role such 
as critical illness like necrotizing enterocolitis in preterm infants, or sepsis 
in adults.  
Accordingly, the information from intestinal inflammation animal and 
cellular models that share common pathophysiological characteristics 
with the intestines of critically ill patients reveals that PCs might be useful 
as an aid in the reduction of intestinal damage and improve the 
intestinal barrier integrity.  
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From animal models it has been determined that the oral administration 
of various PCs at different doses significantly decreases various 
macroscopic signs of intestinal inflammation such as the intestinal 
edema, pneumatosis intestinalis, mucosal congestion, inflammatory cell 
infiltration and ileal necrosis 219–225. 
From all comments, the improvement in the intestinal function and 
structure observed after the oral PC administration seems to be caused 
by three main mechanisms: 
1st) the oral PC administration causes the improvement in the expression 
of various pro-inflammatory molecules such as TNF-α, IL-1β, IL-6, and 
CXCL-2 in a dose-dependent manner 225–228, and the reduction in the 
activity of various pro-inflammatory proteins such as the ICAM-1, nitric 
oxide synthase (iNOS)and cyclooxygenase (COX)-2 225,227–229. 
2nd) The oral PC administration improves the expression or prevent the 
reduction of various tight junction proteins such as occludin, claudin-1 
and ZO-1 in the intestinal epithelia 226,228,230. 
3rd) The oral PC administration decreases the concentration of reactive 
oxygen species by increasing the activity enzymes such as heme 
oxygenase (HO)-1 224,228.  
Therefore, the results suggest that the oral PC administration has the 
potential for improving the intestinal barrier integrity during severe 
inflammation, from various improvements in the intestinal epithelia. Thus, 
suggesting the possibility of reducing complications like sepsis and death 
in critically ill patients and other patients suffering from intestinal 
inflammation. 
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4.7. Regarding the effects of the PC administration on the sepsis-
induced acute lung injury (ALI). 
 In addition to the results on the intestinal inflammation, from various 
animal models it has been determined that the PC administration could 
effectively counteract various of the mechanisms of action that cause 
ALI or acute respiratory distress syndrome for the following reasons: 
First, resveratrol 231–233, chlorogenic acid 234, protocatechuic acid 235, 
and epicatechin 236 significantly reduced the lipopolysaccharide (LPS)-
induced increase in the alveolar wall thickness in various animal models, 
possibly reducing lung cell hyperplasia, and collagen deposition. Also, 
curcumin 1.5 mg/kg improved the partial pressure of oxygen in arterial 
blood (PaO2)/fraction of inspired oxygen (FiO2) ratio in a dose-
dependent in Sprague-Dawley rats 237,238. Thus, the administration of 
various PCs, particularly curcumin, could reduce the alveolar wall 
thickness and improve the gas exchange in animals suffering from ALI. 
Second, all analyzed PCs: resveratrol 231,232,239,240, curcumin  237,238,241,242, 
chlorogenic acid 234, zingerone 243, phloretin 244, thymol 245,246, and 
salidroside 247 significantly reduced the lung’s W/D weight ratio in LPS-
induced ALI in animals. Thus, PCs most likely cause the pulmonary 
edema reduction pulmonary during ALI. 
Third, resveratrol 231–233,239,240,248, curcumin 237,242,249,250, thymol 245,246, 
chlorogenic acid 234, zingerone 243, protocatechuic acid 235, and 
epicatechin 236 significantly decreased the inflammatory cell infiltration 
in the lungs and bronchoalveolar fluid (BALF) in animals. Thus, PCs lessen 
the immune response during LPS-induced ALI in animals. While some 
signs of a possible reduction in ALI’s mortality were described from 
curcumin administration 237,250. 
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Furthermore, resveratrol, curcumin, zingerone, phloretin, chlorogenic 
acid, thymol, and protocatechuic acid seem to improve ALI’s 
pathophysiology from three main mechanisms:  
First, PCs reduce the NF-ƙβ 231,232,235,239,243,244; and MAPK activity 
236,243,244,249. 
Downregulating the NF-ƙβ and the mitogen-activated protein kinase 
(MAPK) explains the reductions in the inflammatory cell infiltration and 
several pro-inflammatory proteins observed after PC administration in 
diverse animal models of LPS-induced ALI 231,232,241–250,233–240, also 
explaining the improvements in the edema and alveolar wall thickness 
observed in animal models of LPS-induced ALI 231,232,241–250,233–240. 
Second, the improvement in tissue oxidation and ROS concentration in 
the lungs of animals mostly from a drop in the myeloperoxidase (MPO) 
activity as demonstrated from curcumin 242,249,250, resveratrol 239, 
zingerone 243, phloretin 244, salidroside 247, and chlorogenic acid 234 since 
MPO’s controlled liberation is crucial an efficient activity, while its 
unrestrained activity increases inflammation and damage in tissues 251.  
Third, an improvement the lung’s vasodilatation secondary hypoxia 
from a reduction in the iNOS activity causing the reduction in NO 
concentrations in the lungs of animals treated with various PCs 231,250. 
Thus, counteracting one of the main pathological mechanisms of ALI 
(Griffiths et al. 2019), and allowing the oxygenation of deoxygenated 
blood in newly recruited lung units.  
Therefore, suggesting that PCs could potentially various aspects of the 
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CNs are naturally occurring molecules present in berries and other 
red-colored fruits, with various positive effects and associations on 
human health 15–17. Accordingly, increasing the knowledge of ACNs 
might provide new perspectives for the treatment and prevention of 
numerous diseases in humans.  
Despite the efforts made to discover the effects of the oral ACN intake 
in humans, the absence of adequate detection methods, and the 
economic and technical limitations for the determination of some ACN-
rich fruit properties, such as an intake biomarker from a single RCT, have 
caused that aspects like the ACN tissue bioavailability, and the health-
related consequences from the ACN presence on different target 
tissues, remain poorly understood.  
However, tools like systematic reviews and meta-analyses, considered 
the pinnacle of the evidence pyramid 252, are capable of providing 
reliable answers to complex questions, consequently improving the 
intricate relations between evidence-based medicine and clinical 
experience 111.  Thus, systematic reviews can be considered as a starting 
point when facing questions related to complex scientific challenges 112. 
However, the quality of a systematic review, and its answers, is highly 
dependent on its methodology 117. 
Accordingly, to provide the most accurate information, various 
processes must be followed to ensure the quality of any systematic 
reviews produced: First, whenever possible, the research protocols 
should be registered in international databases such as the 
"International Prospective Register of Systematic Reviews" (PROSPERO) 
established by York University (https://www.crd.york.ac.uk/prospero/) to 
provide a comprehensive listing of systematic reviews, to avoid 
duplication and reduce bias. Second, use complex keyword terms 
should be used in more than one electronic search engine (i.e. PubMed, 
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Scopus, Cochrane library, etc.) to retrieve the most relevant scientific 
publications to be included. Third, the most adequate tools (AMSTAR, 
RoB2, etc.) designed to assess the risk of bias both within the included 
studies and to the study itself, should be applied to warrant the quality 
of the included information. And fourth, the most adequate 
standardized statements (STROBE, PRISMA, CONSORT, etc.) designed to 
assess the quality of the report should be applied to warrant the quality 
of the publications ( ). 
As a result, from the systematic review of various animal studies, it was 
determined that in human randomized controlled trials, after the oral 
intake of different ACN-rich berry intake, up to 203 ACN metabolites can 
be detected in human urine and plasma. However, out of all PCS, C3G 
is the most frequently identified ACN in both the plasma and urine of 
healthy humans and shows a tendency for positive predictive value in 
both fluids considered acceptable after the oral intake of different 
berries 169. What is more, C3G complies with the paramount plausibility 
criterion and meets the requirements to comply with other criteria such 
as the dose-response, time-response, stability, and analytical 
performance. Thus, C3G is the most promising biomarker for the oral 
ACN-rich fruit intake in the plasma or urine of healthy humans 169.  
Additionally, C3G and other ACN metabolites are bioavailable in the 
kidneys, livers, hearts, and lungs of mice as well as in the brains of pigs 
127. Whereas, the same ACNs have demonstrated positive health effects 
in the same tissues on separate animal experiments 127. 
Nevertheless, ACNs are not equally distributed in animal tissues and their 
profiles vary according to the time for their measure, evidencing a 
parent ACN predominance in long-term experiments while in short-term 
experiments ACN metabolites become more frequent. The difference in 
ACN profiles can be explained by the saturation of bilitranslocase, 
yielding multiple metabolites which are posteriorly re-converted into 
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parent ACNs by the colonic microbiota and absorbed into plasma by 
the intestinal epithelia 127.   
Tissue bioavailable ACNs like C3G, show potential for reducing the 
impact of oxidative stress, modifying cancer-related pathways, or the 
reduction of the adverse effects of obesity and other chronic diseases 
in humans 127. Therefore, suggesting that ACNs, and particularly C3G, 
have an important role in the preservation of human health 127.  
The ACN’s tissue bioavailability and possible effects determined from 
animal tissues suggest that the ACN oral intake from natural sources, 
such as berries or apples, might be beneficial for human health, 
particularly for CVD, the current most prevalent cause of death. 
With that in mind, and in accordance with previous results, ACN-rich 
apple varieties, such as red-fleshed apples, beneficially modify the 
expression of proteins related to the complement system in humans, on 
the other hand, white-fleshed apples regulate the expression of various 
inflammatory proteins, and the ACN-rich extract improved proteins 
related to the cellular signaling. Thus, supporting the beneficial role of 
apples for the prevention of CVD. These results evidence first, that apples 
share beneficial effects probably from their matrix composition; second, 
that although all apple varieties are beneficial, their effects depend on 
their PC composition, and third, that ACNs have positive effects on 
cardiovascular health and the prevention of CVD in particular.  
In that sense, consuming at least one whole-apple/day (≈100 g/day) 
beneficially modifies the plasmatic concentrations of TC, LDLc, HDLc 
and various pro-inflammatory cytokines such as CRP in various degrees 
also improving the systolic blood pressure, endothelial function, and 
pulse pressure in humans 253. Similarly, the observational evidence 
demonstrates that consuming at least one whole-apple/day is 
significantly associated with a clinically relevant reduction in the risk of 
cardiovascular mortality and chronic low-grade inflammation 253.  
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The formerly described effects and associations were evidenced for 
apples, regardless of their variety and phenolic content. However, it 
should be noted that environmental conditions such as the weather, 
harvest season, and type of soil, influence the apple’s composition and 
subsequent health effects 253.  
What is more, in humans, the systematic review of observational studies 
gathering more than 1.5 million participants demonstrates that the 
dietary intake of ACN doses between 200 - 400 mg/day is associated 
with a significant reduction in the risk of T2DM and hypertension. 
On the other hand, from the acute oral supplementation with ACN 
doses between 200 - 400 mg/day to human subjects, it was determined 
that oral ACNs significantly reduce the fasting glucose levels, the Hb1Ac, 
and the HOMA-IR. In addition, oral ACNs also improve the TC, 
triglyceride, LDLc, and HDLc plasmatic concentrations, as well as the 
vascular function in humans.  
Therefore, the evidence demonstrates that ACNs have positive effects 
on multiple CVD risk factors, explaining the relationship between the 
positive ACN effects from in vitro cellular studies, in vivo animal research, 
and the benefits associated with the dietary ACN intake in humans.  
In consequence, ACNs, regardless of their source, should be considered 
in the acute management of glucose metabolism, endothelial 
dysfunction, and hypercholesterolemia as well as in the prevention of 
T2DM and hypertension in humans. Nevertheless, the ACN effects 
suggest that ACNs are could be used in the management of other 
conditions, where like in CVD, inflammation plays an important role. 
Such is the case of a life-threatening critical illness like necrotizing 
enterocolitis in preterm infants, or sepsis in adults, where an increase in 
apoptosis and the intestinal epithelial permeability secondary to 
inflammation could lead to systemic sepsis, multisystem organ failure, 
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and finally death. Thus, demonstrating that the gastrointestinal tract is a 
target in the management in critically ill patients.  
In that sense, the evidence from in vivo animal models of intestinal 
damage shows that the oral administration of resveratrol, the most 
studied PC, improves the intestinal barrier integrity, reduces intestinal 
damage, and decreases neutrophil infiltration, as a result improving the 
intestinal barrier integrity in animals 254.  
In animals, the beneficial effects of resveratrol come from three main 
mechanisms of action: 1) the reduction of pro-inflammatory molecules, 
2) the increase of antioxidant enzymes, and 3) the upregulation in the 
expression of TJ proteins in the intestinal epithelia 254. While the in vitro 
results corroborate that PCs significantly reduce the TEER increase 
secondary to diverse noxious-agent action in cells, therefore 
counteracting their deleterious effects on signaling pathway proteins 254. 
Consequently, the evidence fairly explains the improvement in multiple 
clinical parameters of intestinal damage observed after the oral 
resveratrol or other PC administration in animals. Suggesting that in 
humans, the oral administration of resveratrol or other PCs should be 
considered in the management of the intestinal and acute lung injuries 
associated with various local and systemic pathologies.  
As a result, it has become apparent that PCs might improve the intestinal 
barrier integrity, increase the TJ protein expression, reduce the intestinal 
permeability, and to possibly decrease further complications during 
severe inflammation as a result of the improvement of the intestinal 
health in some patients including critically ill patients. Nonetheless, due 
to scarce information, the precise dose and time for the oral 
administration of resveratrol or other PCs in humans, remain 
undetermined.
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s a result of this work, a methodological framework for the determination of an intake 
biomarker for berries has been provided. However, to confirm C3G as the most 
adequate berry-intake biomarker, an RCT must be performed. One option to confirm C3G 
as a berry intake biomarker is to divide a group of healthy humans fit for study (N= 180), into 
7 randomly assigned smaller groups of 25 volunteers each (G1, G2, G3, G4, G5, G6, G7) 
( ).  
After 48 hours of a PC-free diet and an overnight fast, basal blood and urine samples would 
be collected from all volunteers (0 min). Once the samples are collected, each group would 
consume 300 g of a puree, with an already known PC profile, made from one of seven 
different commonly consumed berry varieties (blueberry, red cranberry, strawberry, cherry, 
chokeberry or blackberry), while one group would consume a 300 g banana puree as an 
ACN-free control ( ).  
After the puree consumption, an IV catheter would be placed on the volunteers and blood 
samples extracted at 15, 30, 45 min, and 1, 3, 6 h. On the other hand, the urine samples 
would be collected 3 and 6 h after intake, in accordance with the already existing 
information on the ACNs bioavailability ( ).  
After sample collection, processing, and analysis with a high-throughput technique, the 
results should render both, the PC composition profiles of the 6 berry varieties, and the PC 
profile in the urine and plasma samples of the volunteers. These results can be compared 
between groups (G1 vs G2 vs G3, etc.) to determine the “common denominator” which 
would be the intake biomarker for berry intake. Furthermore, the comparison between the 
fluid and fruit PC profiles would help understand the metabolites arising from specific fruit 
consumption and would provide traceability for all metabolites ( ). 
Furthermore, the methodology used to determine C3G as the most probable intake 
biomarker for berries can be used to determine other biomarkers for popular fruit groups 
such as pomes or citrics, and to other highly consumed foods like the artificial sweeteners, 
dairy products, coffee or tea.  
Due to the fact that ACN’s are red/blue pigments with positive health effects regardless of 
their source, ACNs could be used to give color or supplement different foods and beverages 
in order to increase their beneficial properties and prevent cardiometabolic diseases. 
Moreover, ACN extracts could be used as supplements to aid in the treatment of T2DM & 
hypertension and to prevent CVD in humans.  
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From the specific ACN tissue bioavailability, a set of RCTs could be designed to test the 
beneficial effects of the ACNs that are bioavailable in various specific organs on a matching 
disease, e.g. the effects of the brain bioavailable delphinidin-3-galactoside to reduce 
Alzheimer disease or the effects of the kidney bioavailable malvidin-3-glucoside to reduce 
acute kidney disease. 
Finally, to test the possible effects of the oral PC administration on the improvement of the 
intestinal barrier integrity and the reduction of the acute organ damage associated to 
severe inflammation, 90 patients diagnosed with sepsis is proposed. Volunteer should be 
recruited from intensive care units during a three-month period.  
After enrollment, the included patients will be randomly divided into two groups. For the 
intervention, patients in G1 will be supplemented with an oral resveratrol dose of 5 
mg/kg/day during their entire stay on the ICU, using their enteral nutrition (EN) formula as a 
vehicle for administration, while the EN formula for patients in G2 will be treated with a 
placebo.  
All standard clinical parameters (blood pressure, respiratory frequency, heart rate, urine 
output, etc.) will be measured and recorded at least every 2 hours. Blood samples will be 
collected as required, however, LPS (intestinal permeability biomarker), troponins or BNP 
(heart health biomarker), and creatinine (renal health biomarker) will be sampled from all 
patients at least once a day. Other parameters such as body weight, consciousness status, 
ventilator parameters, and amine doses will be recorded for further analysis. At the end of 3 
months, all data will be analyzed using the IBM SPSS software and the results will be presented 
accordingly . 
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7.1. Regarding the ACN-rich fruit biomarker of intake: 
 
7.1.1. After the oral intake of different berries (ACN-rich fruits) in human 
RCTs, C3G is the most frequently identified ACN in the plasma 
(69.49%) and urine (56.06%) of healthy humans.  
 
7.1.2. C3G showed a tendency for an acceptable positive predictive 
value in plasma (74%; p = 0.210), and urine (61.7%; p = 0.402) after 
the oral intake of different berries (ACN-rich fruits). 
 
7.1.3. C3G fulfills the plausibility, and other important criteria to be 
considered an adequate biomarker of berry intake such as the 
dose-response, time response, stability, and analytical 
performance. 
 
7.1.4. C3G is the most promising biomarker for oral ACN-rich fruit intake in 
the plasma or urine of healthy humans. 
 
7.2. Regarding the ACN tissue bioavailability in animals: 
 
7.2.1. After ACN-rich berry intake, C3G and other ACNs are identified in 
the kidneys, livers, hearts, and lungs of mice as well as in the brains 
of pigs. 
 
7.2.2. ACNs showed a predominance of parent ACNs in long-term 
experiments versus an ACN metabolite predominance in short-term 
experiments. 
 
7.2.3. ACNs such as C3G may have an important role in human health.  
UNIVERSITAT ROVIRA I VIRGILI 
THE TISSUE BIOAVAILABILITY, BIOMARKERS, AND EFFECTS OF ANTHOCYANINS ON HUMAN HEALTH.  
STUDIED THROUGH SYSTEMATIC REVIEWS ON ANTHOCYANIN-RICH FOODS AND A NUTRITIONAL PRE-CLINICAL STUDY 
WITH ANTHOCYANIN-RICH RED FLESHED-APPLES. THE APPLECOR PROJECT. 
Berner Andrée Sandoval Ramírez 
 
352 
7.3. Regarding the effects and associations of ACN intake on human 
health, from the umbrella review of the information by SRMs of RCTs 
and OS’.  
 
7.3.1. From humans RCTs, the ACN oral intake significantly improves the 
plasmatic lipid profile, glucose metabolism, and endothelial 
function. 
 
7.3.2. From human OS’, the oral ACNs consumption is significantly 
associated with the reduction of the risk of hypertension and T2DM. 
 
7.3.3. The effects of oral ACNs in human RCTs could explain the reduction 
in the risk of T2DM associated with the chronic ACN intake observed 
in humans. 
 
7.3.4. ACNs should be considered in the management of glucose 
metabolism, endothelial dysfunction, and hypercholesterolemia, 
as well as in the prevention of T2DM and hypertension in humans. 
 
7.4. Regarding the effects of red-fleshed apples, white-fleshed apples, 
and other ACN-rich extracts on the proteome of the aorta and 
heart tissues of hypercholesterolemic rats.  
 
7.4.1. The red-fleshed apple consumption suggests an anti-inflammatory 
effect based on the downregulation of the aortic expression of 
complement system proteins such as C1QB and CFP and the 
expression of CRP in the cardiac tissue of hypercholesterolemic rats. 
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7.4.2. White-fleshed apples downregulate the expression of the 
complement system-related proteins C1QB, CFB, CFP, C9, and C3 
in the aorta while the ACN-rich extract intake modified the 
expression and C9 and of C9 and C3 in heart tissue.  
 
7.4.3. White-fleshed apples downregulate the expression of the iron 
homeostasis related proteins CP, HP, TF, and HPX in aortas, and of 
HP, TF, HPX, and MB in the hearts of hypercholesterolemic rats. 
 
7.4.4. The ACN-rich extract significantly regulates FMOD, TAGLN, TAGLN2, 
and MYL6, proteins related to the cellular structure and 
downregulated proteins related to the cellular signaling pathways 
such as PRKACA, IQGAP1, and HSP90AB1 in the aortas of rats. 
 
7.4.5. Both the red-fleshed and white-fleshed apples reduce proteins 
related to the complement system, suggesting an anti-
inflammatory effect of the apple matrix independently of their ACN 
content, possibly related with other apple components as soluble 
fiber.  
 
7.5. Regarding the effects of whole-apple intake on diverse 
cardiovascular disease (CVD) risk factors. 
 
7.5.1. Consuming between 100 and 150 g/day of whole-apples in RCTs 
improves multiple CVD risk factors such as the plasmatic lipids and 
blood pressure values in humans. 
  
7.5.2. Consuming between 100 and 150 g/day of whole-apples reduces 
the risk of CVD and CVD mortality in prospective observational 
studies.  
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7.5.3. The whole-apple consumption should be considered as an aid in 
the prevention of CVD. 
 
7.6. Regarding the effects of the oral phenolic compound (PC) 
administration on the intestinal barrier integrity.  
 
7.6.1. Oral resveratrol, the most studied PC in different animal models of 
intestinal damage, improves the intestinal barrier integrity 
increasing the expression of various anti-inflammatory and 
antioxidant proteins. 
  
7.6.2. The in vitro evidence fairly explains the improvement in multiple 
clinical parameters of intestinal damage observed after the oral 
resveratrol administration in animals.  
 
7.6.3. The oral PC administration in animals improves the intestinal barrier 
integrity and function from three main mechanisms: 1) The 
reduction of pro-inflammatory molecules, 2) the improvement in 
tight-junction protein expression, and 3) the improvement of the 
antioxidant intracellular activity. 
 
7.6.4. The oral intake of resveratrol or other PC’s (grape seed extract, 
genistein, urolithin A) should be considered in the management of 
the intestinal injury associated with local and systemic pathologies. 
However, the precise dose and time for the oral administration of 
resveratrol or other PCs in humans are still undetermined. 
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7.7. Regarding the effects of the PC administration on acute lung injury 
(ALI) induced by LPS-administration.  
 
7.7.1. PCs improve the alveolar wall thickness in animal models of ALI, 
possibly reducing lung cell hyperplasia, and collagen deposition.  
 
7.7.2. PCs significantly reduce the lung’s W/D weight ratio in LPS-induced 
ALI in animal models of ALI. 
 
7.7.3. PCs significantly decrease the inflammatory cell infiltration and 
improves the immune response in the lungs and BALF in animal 
models of ALI. 
 
7.7.4. PCs significantly downregulate the NF-ƙβ and MAPK’s activity in the 
lungs of animal models with ALI.  
 
7.7.5. PCs improve tissue oxidation and ROS concentration in the lungs of 
animals mostly from a decrease in MPO activity in animal models 
of ALI.  
 
7.7.6. PCs reduce the iNOS activity, and NO concentrations the lung’s 
improving the vasodilatation secondary hypoxia in animal models 
of ALI.  
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Therefore, as a result of the present work, our hypothesis is vertified, and the 
anthocyanins provided by fruits, extracts or other products help improve 
cardiovascular risk factors and other diseases.  It can be concluded that, regardless 
of their source, the whole-apple, and ACN oral intakes should be considered 
effective for the prevention and treatment of cardiometabolic disease in humans. 
Moreover, in animal models, resveratrol or other PCs showed an improvement of the 
intestinal barrier integrity loss and in the management of the acute lung injury 
associated with the systemic inflammation in critical illnesses, such as sepsis, opening 
new promising application in humans. 
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